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ABSTRACT 

 

 
Intermetallic magnetic materials, such as SmCo5 and Nd2Fe14B, play important role in 

our daily lives via their use in many high-tech devices and technologies. Understanding the 

interplay between the crystal structure, electronic structure, and magnetic properties can provide 

useful information for the improvement of existing and discovery of new magnetic materials. 

ThCr2Si2 structure is one of the most abundant intermetallic structure types that accommodates a 

variety of compounds with a general formula AT2X2 (A = alkali, alkaline metal or rare earth 

metals, T = transition metal, X = metalloids, or nonmetals). The magnetic behavior of itinerant 

systems with ThCr2Si2 structure type can be very sensitive to modifications of the electronic 

structure caused by chemical substitution, applied pressure, or magnetic field, even if such 

perturbations are small.  

Although extensive studies have been performed on ternary silicides and germanides and 

on FeAs-based superconductors of this structure type, much less attention has been paid to 

ternary rare-earth cobalt arsenides. The overarching goal of this work is to provide a synthetic 

methodology toward rare-earth cobalt arsenides and to investigate their structure-property 

relationships. We use physical pressure, chemical compression, or chemical substitution to alter 

the crystal and electronic structures and thus impact the magnetic behavior of these materials. 

The general synthetic and characterization methods are described in Chapter 2. 

Chapter 3 reports the synthesis of RCo2As2 (R = La, Ce, Pr, Nd) by reactions of 

constituent elements in molten Bi. All compounds exhibit high-temperature ferromagnetic 

ordering of Co magnetic moments. Electronic band structure calculations revealed a high peak in 

the density of states at the Fermi level, thus supporting the itinerant nature of magnetism in the 

Co sublattice. The magnetic ordering in the lanthanide sublattice takes place at lower 

temperatures, with the R moments aligning parallel or antiparallel to the Co moments. 

 In Chapter 4, we demonstrate that the action of physical pressure, chemical compression, 

or aliovalent substitution in ACo2As2 (A = Eu, Ca) has a general consequence of causing these 

antiferromagnetic materials to become ferromagnets. The mixed valence triggered by applied 

pressure in EuCo2As2 results in the increase of the Co 3d density of states at the Fermi level, 

promoting itinerant ferromagnetism. Similar to high-pressure form of EuCo2As2, ferromagnetic 
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ordering of Co moments can also be achieved through chemical compression of Eu sites in 

Ca0.9Eu0.1Co1.91As2 or direct electron doping in Ca0.85La0.15Co1.89As2.  

The study of chemical compression was extended to a Ca1-xEuxCo2As2 series of solid 

solutions. As shown in Chapter 5, chemical pressure exerted in these structures on the Eu site 

causes it to display mixed valence, which varies from +2.17 for x ≤ 0.6 to + 2.14 for x ≥ 0.65. 

The solid solutions with x ≤ 0.6 exhibit ferromagnetic ordering while the ones with x ≥ 0.65 

exhibit antiferromagnetic ordering. We demonstrate that the change in the magnetic behavior is 

associated with the changes in the electronic band structure and the increase in the bonding 

character of Co-Co interactions at the Fermi level for Eu-rich phases. 

The Bi-flux method used for the synthesis of RCo2As2 was also successfully extended to 

more complex structures, R2Co12As7 and RCo5As3, as described in Chapter 6. All R2Co12As7 

compounds exhibit high-temperature ferromagnetic ordering of Co moments and low-

temperature ordering of R moments. In contrast, all RCo5As3 materials are paramagnetic with the 

exception of antiferromagnetically ordered PrCo5As3. The dramatic difference in the behavior of 

R2Co12As7 and RCo5As3 also can be justified by changes in the electronic band structure. 

Based on the understanding of correlations between magnetic properties and electronic 

structure attained in preceding chapters, we demonstrate in Chapter 7 the prediction of 

ferromagnetism in another layered-structure material, AlFe2B2.  The compound was prepared by 

two alternative synthetic routes, arc melting and synthesis from Ga flux. The predicted itinerant 

ferromagnetic behavior was confirmed experimentally, with the magnetic ordering taking place 

near room temperature. The measurement of magnetocaloric effect (MCE) as a function of 

applied magnetic field revealed an isothermal entropy change of 4.1 J kg–1 K–1 at 2 T and 7.7 J 

kg–1 K–1 at 5 T. These are the largest values observed thus far for any metal boride and for any 

magnetic material of the vast AT2X2 family of layered structures. Importantly, AlFe2B2 

represents a rare case of a light-weight material prepared from earth-abundant, benign reactants, 

which exhibits a substantial MCE while not containing any rare-earth elements. 
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CHAPTER 1 
 

INTRODUCTION 
 

 
1.1 Itinerant Electron Magnetism 

 
1.1.1 Magnetic Materials and Magnetic Ordering 
 

From the magnetic compass used in ancient times to convenient credit cards seen 

nowadays, one can hardly deny the extraordinary appeal and importance of magnetic materials. 

They can be found in microwave devices, computer disks, recording media, automobiles, 

medical magnetic resonance imaging equipment, etc.1 The wide and important applications of 

magnetic materials appeal to scientists from chemistry, physics, engineering, and biology, and 

medicine to reveal the origins of magnetic phenomena, investigate the magnetic properties of 

known materials, correlate the crystal and electronic structures with magnetic properties, and 

discover and design novel magnetic materials for practical applications. Magnetic materials can 

be as simple as elementary transition metals, such as Fe, Co, and Ni.2 They also can be oxides or 

intermetallics, such as the natural mineral lodestone (Fe3O4, Fe2O3), artificial ferrites, or man-

made Alnico, SmCo5, and Nd2Fe14B alloys, to name a few.3  

   

  
Figure 1.1. Schemes of spins arragement for different types of magnetic orderings.   
 
Materials can be categorzied into different classes by the type of magnetic ordering and 

by their overall response to an external magnetic field.4 Diamagnetic materials with paired 
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electrons are repelled by the magnetic field, resulting a weak and negative magnetic 

susceptibility, which is temperature independent. In contrast, materials with unpaired electrons 

are attracted by the external magnetic field and reveal positive magnetic susceptibility. Such 

paramagnetic materials contain randomly oriented spins and do not exhibit permanent net 

magnetic moment in the absence of the external field. In some paramagnetic materials, however, 

spins become spontaneously ordered below a certain critical temperature Depending on the type 

of the spin alignment, such materials are classified as ferromagnets, ferrimagnets, or 

antiferromagnets (Figure 1.1). Note that the spin ordering in ferrimagnets bears features similar 

both to ferro- and antiferromagnets.  

The magnetic susceptibility of paramagnetic materials, in general, is temperature 

dependent. At high temperature (T) and low magnetic field (H), the magnetic interaction are not 

well pronounced and paramagnets obey the Curie law, according to which, the magnetic 

susceptibility ( = M/H) is inversely proportional to temperature: 

 = C/T,                                                                 (1)   

where C is the Curie constant   

C = 
k
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,                              (2) 

N is Avogadro’s number, B is the Bohr magneton, k is the Boltzmann’s constant, S is the spin 

moment, and eff= [g2
S(S+1)]1/2B is the effective magnetic moment. When the spin-orbit 

coupling is taken into account, S is replaced by J (the total angular moment), which is a typical 

case for rare-earth ions. 

When the magnetic exchange coupling interactions become more pronounced, a general 

temperature dependence of magnetic susceptibility is expressed by the Curie-Weiss law: 

 =
T

C
,                                                             (3) 

where  is the Weiss constant, indicative of the magnetic exchange coupling. The positive and 

negative signs of  indicate the FM and AFM exchange coupling, respectively. Paramagnets that 

follow the Curie-Weiss law can undergo spontaneous magnetic ordering below the critical 

temperature, defined as Curie temperature (TC) for FM and FiM ordering and as Néel 

temperature (TN) for AFM ordering.   
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At low temperature and sufficiently high magnetic field, all magnetic moments can be 

forced to orient along the field (saturated), resulting in the saturation magnetization Msat = g J. A 

summary of theoretical values of effective magnetic moments and saturation moments for rare-

earth ions is given in Table 1.1.5 

 
Table 1.1 Magnetic properties of 4f metal ions. 

Ion 4f 2s+1
LJ L S J g eff Msat 

Ce3+(4f
1) 2

F5/2 3 1/2 5/2 6/7 2.54 2.14 

Pr3+(4f
2) 3

H4 5 1 4 4/5 3.58 3.20 

Nd3+(4f
3) 4

I9/2 6 3/2 9/2 8/11 3.62 3.28 

Pm3+(4f
4) 5

I4 6 2 4 3/5 2.68 2.40 

Sm3+(4f
5) 6

H5/2 5 5/2 5/2 2/7 0.84 0.72 

Eu3+(4f
6) 7

F0 3 3 0 0 0.00 0.00 

Gd3+(4f
7) 8

S7/2 0 7/2 7/2 2 7.94 7.00 

Tb3+(4f
8) 7

F6 3 3 6 3/2 9.72 9.00 

Dy3+(4f
9) 6

H15/2 5 5/2 15/2 4/3 10.63 10.00 

Ho3+(4f
10) 5

I8 6 2 8 5/4 10.60 10.00 

Er3+(4f
11) 4

I15/2 6 3/2 15/2 6/5 9.57 9.00 

Tm3+(4f
12) 3

H6 5 1 6 7/6 7.56 7.00 

Yb3+(4f
13) 2

F7/2 3 1/2 7/2 8/7 4.54 4.00 

 

1.1.2 Itinerant Magnets 
 

Metals are generally characterized by the presence of delocalized (itinerant) electrons. 

Transition metal’s d electrons usually are more interant, i.e. they form wider energy bands, as 

compared to the more localized 4f eletrons.5 A classic example of itinerant electron magnetism is 

the magnetic ordering of 3d transition metals, Fe, Co, and Ni. The 3d band in transition metals 

contains spin-up and spin-down subbands, which are equally populated in the absence of applied 

magnetic field, resulting in zero net magnetic moment. Under applied magnetic field, the 

energies of spin-up and spin-down subbands are shifted in different direction, producing a small 

net magnetic moment, which is defined as Pauli paramagnetism. In special situations, when the 

density of states (DOS) at the highest energy level of electrons (Fermi level) and the effective 
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magnetic exchange energy are high, spin polarization occurs spontaneously to lower the system’s 

energy, which results in itinerant magnetic ordering. 

In 1938, Stoner proposed a criterion for predicting itinerant ferromagnetism of metal: 6 

J·n(EF) > 1,                                                               (3) 

where J is the magnetic exchange interaction constant and n(EF) is the DOS at the Fermi 

level in the non-polarized electronic structure. The model was verified not only for Fe, Co, and 

Ni, but also for many other itinerant magnets. To understand the origin of ferromagnetism in 

transition metals, Dronskowski turned to the aspect of chemical bonding by carrying out the 

crystal orbital Hamilton population (COHP) analysis for M-M bonding (Figure 1.2).7His studies 

indicated that the significant M-M antibonding states locate in the vicinity of the Fermi level of 

Fe, Co, and Ni, causing the instability of the non-polarized system. Therefore, spin polarization 

occurs to remove the instability and drive the system to FM ordering. The bonding features 

observed at the Fermi level in Sc, Ti, V, and Cu mean there is no driving force for 

ferromagnetism. For antiferromagnetic Cr, the COHP feature at the Fermi level is non-bonding. 

Thus, the nature of chemical bonding at the Fermi level of transition metals provides a “recipe” 

for designing ferromagnets and antiferromagnets. 

 

 

Figure 1.2 Non-spin-polarized DOS (top) and M-M COHP curves (bottom) for the first-row 
transition metals. “Mn” was calculated using a simplified model with bcc structure instead of the 
original a-Mn.7  
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1.1.3 3d-4f Exchange Coupling 
 

Itinerant 3d electrons exhibit strong inter-electron correlations; hence, such systems often 

exhibit high magnetic ordering termperatures.8 In contrast, 4f electrons form narrow localized 

bands which result in weaker magnetic exchange, but the 4f elements exhibit higher magnetic 

moments and larger magnetocrystalline anisotropy. The benefits of combining 3d and 4f metals 

have been fully realized in such intermetallics as Nd2Fe14B and SmCo5, which are widely used as 

the strongest permanent magnets. In order to take advantage of such materials, we should be able 

to predict and control the magnetic coupling between 3d and 4f electrons. 

Brooks and Johansson demonstrated that 4f spins always show antiparallel coupling with 

3d spins in binary 3d-4f intermetallics.9 For the rare-earth elements, however, one cannot ignore 

the presence of the orbital moment (L) that is strongly coupled to the spin moment (S), resulting 

in the total ground-state angular moment J = L-S (antiparallel coupling) for rare-earth elements 

with less than half-filled f-shell, and J = L+S (parallel coupling) for rare-earth elements with 

more than half-filled f-shell. Since the L value always exceeds the S value in a f-metal ion, the 

total 4f-3d coupling will be FM for light rare-earth elements and AFM for heavy rare-earth 

elements. This 3d-4f coupling rule was observed to hold true in many intermetallics, e.g. RCo2 

compounds with Laves-type structures.10 However, the 3d-4f coupling in more complex 

structures can be complicated by the presence of other elements in the coordination 

environments of 3d and 4f elements and the related modification of exchange interaction 

pathways. The elucidation of such effects requires a combination of theoretical calculations and 

experimental techniques such as X-ray magnetic circular dichroism (XMCD) spectroscopy and 

neutron scattering. 

 

1.2 Materials with ThCr2Si2 Structure Type 
 
1.2.1 ThCr2Si2 Structure  
 

The ThCr2Si2 structure was first reported together with isostructural ThM2Si2 ( M = Mn, 

Fe, Co, Ni, Cu) in 1965.11 Shortly thereafter, many ternary alkaline earth and rare-earth transition 

metal silicides and germinides with the same structure type were discovered.12 Since 1971, 

YCo2B2 and other ternary rare-earth borides were also reported.13 Overall, this structure type 

encompasses a variety of intermetallics, with more than 1000 structures reported up to date.14 
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The compounds adopting the ThCr2Si2 structure type can be described with a general formula 

AT2X2 (A = alkali, alkaline earth or rare-earth metal, T = transition metal, X = metalloid or 

nonmetal), in which A atoms locate between T2X2 layers (Figure 1.3). There are also compounds 

which are not included in this general formula, such as BaMg2X2 (X = Si, Ge, Sn, Pb), BiM2Si2 

(M = Cu, Ag, Au), RAl2Ga2 (R = La, Pr, Nd, Eu, Yb), etc.15  

 

 

Figure 1.3   Crystal structure of AT2X2 with ThCr2Si2 structrue type (A = alkali, alkaline earth or 
rare- earth metals, T = transition metal, X = metalloids, or nonmetals). 

 
The large family of materials with the ThCr2Si2 structure type shows diverse and 

interesting properties. Heavy-fermion behavior was reported for CeCu2Si2 and other Ce-

containing silicides and germanides.16 Mixed valence in EuNi2P2 was shown to result in 

anomalous behavior in the Mössbauer resonance spectra. Superconductivity was found in several 

materials, such as LaRu2P2 (TC = 4.1 K), La1-xYxCo2B2 and La(Co1-xFex)2B2 (TC ~ 4 K), 

Ba0.6K0.4Fe2As2 (TC = 38 K), and K0.8Fe2Se2 (TC = 30 K).17 Moreover, all types of magnetic 

ordering (FM, AFM, FiM, canted AFM), spin density wave, spin-glass and spin-flop behavior, 

metamagnetism, and reentrant magnetic transitions were discovered in this large family of 

structures.18 For instance, SmMn2Ge2 exhibits different magnetically ordered states, ranging from 

FM to AFM to re-entrant FM as the temperature is lowered.19 

 
1.2.2 Structural and Magnetic Properties of ACo2P2  

 

Compared to the extensive studies of ThCr2Si2-type silicides and germanides, ternary 

cobalt phosphides ACo2P2 (A = K, Rb, Ca, Sr, La, Ce, Pr, Nd, Sm, Eu) were somewhat less 

explored. Back in 1980s and 1990s, Jeitschko and co-workers studied the crystal structures and 
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magnetic properties for most of the ACo2P2 compounds, including the detailed investigation of 

the magnetic structures via neutron diffraction measurements (Figure 1.4).20 So far, the magnetic 

properties of KCo2P2 and RbCo2P2 are unknown. SrCo2P2 displays enhanced Pauli 

paramagnetism, while CaCo2P2 and RCo2P2 (R = La-Eu) all show magnetic ordering. CaCo2P2 

shows AFM ordering at 113 K, with Co moments aligning FM within the ab plane of the 

tetragonal structure, but coupling AFM between neighboring layers. LaCo2P2 is the only 

compound among ACo2P2 materials that shows FM ordering (TC = 132 K), with Co moments 

aligning perpendicular to the c axis. The other RCo2P2 materials (R = Ce, Pr, Nd, Sm) show 

AFM ordering above 300 K. In CeCo2P2, Co moments align FM in the [Co2P2] layers and 

parallel to c axis, but coupling between different planes is AFM. The magnetic structures of 

PrCo2P2 and NdCo2P2 are more complex, having doubly elongated unit cells with the 

propagation k-vector of (0, 0, ½), in contrast to k = (0, 0, 1) observed in CeCo2P2 (Figure 1.4). At 

lower temperatures, Pr and Nd show AFM ordering with the 4f moments aligning along the c 

axis. The Ce ion in CeCo2P2 is believed to have the valence close to +4, which is a nonmagnetic 

state.  

  

 
Figure 1.4 Magnetic structures of ACo2P2 (A = Ca, La, Ce, Pr, Nd, Eu) and CaCo2As2. 
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EuCo2P2 is exceptional in the series of ACo2P2 compounds because it shows AFM 

ordering at 66.5 K due to Eu2+ moments but does not exhibit any magnetic ordering in the Co 

sublattice under ambient conditions.21 Eu2+ moments adopt an incommensurate AFM spiral 

structure with a propagation k-vector of (0, 0, 0.85) along the c axis. Comparing the P-P 

separation (dP-P), c/a ratio, and Co magnetic ordering in the ACo2P2 compounds, one can notice 

that the larger the cation, the bigger the P-P separation and the c/a ratio (Figure 1.5). In FM 

LaCo2P2, as well as in non-magnetic EuCo2P2 and SrCo2P2, the dP-P is above 3.16 Å and the c/a 

ratio is above 2.88, indicating the absence of P-P bonding. In contrast, in ACo2P2 (A = Ca, Ce, 

Pr, Nd) with AFM ordering of Co moments one observes shorter dP-P (~2.5 Å) and smaller c/a 

ratio (2.5), suggesting weak P-P bonding in the collapsed tetragonal structure (Figure 1.5a). The 

formation of the P-P bond, albeit weak, indicates the formal oxidation state of the P atom 

becomes less negative, with the concomitant decrease in the formal charge of the Co atom. This 

suggests the donation of electron density to the Co 3d band. The emergence of weak P-P bonding 

also correlates with the change in the type of magnetic behavior from non-magnetic to FM to 

AFM. The AFM ordering temperature also increases as the formal charge of the Co atom 

decreases in ACo2P2 (A = Ca, Ce, Pr, Nd) (Figure 1.5b). All these trends, in fact, emerge from 

the evolution of the electronic band structure, as the structural changes affect the population of 

the Co 3d band and the positioning of the 3d DOS peak with respect to the Fermi level. These 

effects will be conclusively demonstrated later in the present work. 

 

 
Figure 1.5 (a) Correlation between P-P distance, c/a ratios and the ionic radii of the cations in A 
Co2P2. (b) Correlation between the ordering temperature and the formal charge per Co atom.20b  
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Based on the striking difference in crystal structure and magnetic properties of CaCo2P2 

and SrCo2P2, Cava and co-workers investigated solid solutions Sr1-xCaxCo2P2 (0 ≤ x ≤1).23 These 

phases evolve from the uncollapsed to collapsed tetragonal structure as the content of Ca (x) 

increases. This structural change is correlated with the changes in magnetic properties, from near 

FM Fermi liquid behavior (0 ≤ x < 0.5) to AFM ordering (0.6 < x < 0.8), then to FM ordering 

(0.8 < x < 0.9), and finally to another AFM ordering (0.9 < x ≤ 1.0). 

Since 2007, our group has been investigating quaternary compositions based on ternary 

rare-earth cobalt phosphides. In contrast to the relatively simple magnetism of RCo2P2, we 

observed more diverse magnetic behavior in mixed phases La0.9R0.1Co2P2 (R = La, Ce, Pr, Nd, 

Sm), La1–xPrxCo2P2 (0 ≤ x ≤ 1), LaFexCo2-xP2 (0 ≤ x ≤ 1), La1–xNdxCo2P2 (0 ≤ x ≤ 1), 

Pr0.8Ca0.2Co2P2 (R = Eu, Ca), and Nd1–xEuxCo2P2 (0 ≤ x ≤ 1).24 For instance, La1–xPrxCo2P2 

phases show FM ordering, with the Curie temperature increasing as the Pr content increases up 

to x = 0.75. Moreover, metamagnetism, magnetic pole reversal, and multiple temperature-driven 

magnetic phase transitions occur due to the coupling between Co and Pr magnetic sublattices. A 

typical example is our recent report of La0.75Pr0.25Co2P2, which exhibits three consecutive 

magnetic transitions as the temperature is lowered (Figure 1.6).25 The first transition happens at 

167 K (TC1) due to FM ordering of Co moments in the ab plane. At 67 K (TC2), Pr shows FM 

ordering with spins parallel to the c axis, causing Co spins to cant towards to c axis as well. 

Finally, collinear ferrimagnetism is established due to FM ordering of Pr and Co magnetic 

moments along the c axis below TC3 = 35 K.   

 

 

Figure 1.6 Proposed magnetic structures of La0.75Pr0.25Co2P2 in different temperature ranges 
between the critical points of magnetic phase transitions.  
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1.2.3 Structural and Magnetic Properties of ACo2As2 

 
The ACo2As2 structures (A = K, Ca, Sr, Ba, La, Ce, Pr, Nd, Eu) were reported at about 

the same time as ACo2P2, but their physical properties have remained unknown until very 

recently.26 Similar to the large c/a ratio (~3.5) observed in SrCo2P2, both BaCo2As2 and 

SrCo2As2 structures have a large c/a ratio (> 3.2). They do not exhibit long-range magnetic 

ordering, although AFM spin fluctuations and FM spin correlations were detected in SrCo2As2 

by inelastic neutron scattering measurements and NMR spectroscopy, respectively.27 Similar to 

CaCo2P2, CaCo2As2 adopts a collapsed tetragonal structure and displays AFM ordering of Co 

moments around 70 K, but with Co moments parallel to the c axis (Figure 1.4).28 EuCo2As2 also 

shows antiferromagnetism (TN ~ 40 K), but the magnetic phase transition is due to the ordering 

of the Eu2+ 4f moments rather than the Co 3d moments, which parallels the magnetic behavior of 

EuCo2P2.
29   

With the exception of EuCo2As2, very little is known about the synthesis and properties 

of other RCo2As2 materials, mainly due to the lack of a reliable synthetic approach to phase-pure 

RCo2As2 samples or their representative single crystals. In fact, prior to our work, there existed 

only one report on the preparation of RCo2As2 in which the attempts to obtain single crystals 

from Sn flux were unsuccessful.26a Recently, we have reported the successful preparation of 

single-phase LaCo2As2 and the growth of corresponding single crystals by carrying out the 

reaction between constituent elements in molten Bi.30 Similar to LaCo2P2, which orders FM at TC 

= 132 K, LaCo2As2 shows FM ordering at TC ~ 200 K. Furthermore, we established that a small 

amount of Bi substitutes for La with a simultaneous formation of vacancies in the Co sublattice, 

a structural feature not observed for RCo2P2 analogues. 

 

1.2.4 Pressure Effect on AT2Pn2 Materials 
 

As discussed above, the distance between the layers in AT2Pn2 materials varies 

depending on the nature of A and T elements, while defining the formation or absence of X-X 

bonding in the direction perpendicular to the layers. Hence, it is interesting to study the effect of 

pressure on structural and magnetic properties of AT2Pn2 materials.   

At ambient pressure, the LaCo2P2 structure is characterized by the large nonbonding P-P 

interaction (dP-P = 3.16 Å). When the pressure is applied to 6.7 GPa, a first-order phase transition 
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occurs. The high-pressure phase31 maintains the ThCr2Si2 structure type with a shorter P-P 

distance (dP-P ~ 2.43 Å) and formed a P-P bonding.  

As mentioned above, EuCo2P2 also has a large P-P distance (dP-P = 3.27 Å) and shows 

AFM ordering at 66.5 K solely due to Eu2+ moments. Interestingly, at 3.1 GPa the first-order 

phase transition takes place in EuCo2P2 and the P-P distance decreases to ~2.57 Å, which is close 

to the P-P distances observed in RCo2P2 (R = Ce, Pr, Nd) at ambient pressure.32 The structural 

collapse of EuCo2P2 above 3.1 GPa is associated with the valence change of Eu from +2 to +3 

and the emergence of itinerant 3d magnetism in the Co sublattice, which orders AFM at TN = 260 

K.33 The isostructural EuFe2P2 also orders AFM due to Eu2+ moments, while Fe moments do not 

contribute to the magnetic properties at ambient pressure. Nevertheless, there is lack of Fe 

ordering at high pressure, although the valence of Eu changes from +2 to +3 during a continuous 

phase transition under pressure.31 Band structure calculations on both compounds under pressure 

indicate that the enhancement of DOS at EF is much larger in EuCo2P2 than that in EuFe2P2, 

which explains the difference of their magnetic ordering under high pressure. The crystal 

structure, electronic structure, and magnetic behaviors are closely related in these strongly 

correlated systems as evidenced by their pressure-dependent properties.34 

Pressure studies were also carried out some other ternary phosphides. First-order phase 

transitions were observed in SrNi2P2 at 4 GPa and in SrRh2P2 at 6 GPa.35, 32 However, applying 

pressure up to 16 GPa on LaFe2P2, 12 GPa on EuRh2P2, and 6 GPa on some other ACo2P2 (A = 

Sr, Ca, Ce, Pr, Nd) only led to continuous, second-order structural phase transitions.32 In 

CaCo2P2, the AFM ordering is suppressed under high pressure based on electrical resistivity.36 

Moreover, the electrical resistivity study of the mixed-valent EuNi2P2 under high pressure 

revealed the pure +3 state above 20 GPa.37 

Among ternary arsenides, a great deal of attention has been paid recently to AFe2As2 due 

to the discovery of high temperature superconductors based on electron- or hole-doped AFe2As2 

(A = Ca, Sr, Ba, Eu), with the highest TC = 38 K achieved in Ba0.6K0.4Fe2As2.
38 Interestingly, 

pressure can also induce superconductivity in all AFe2As2 (A = Ca, Sr, Ba, Eu). CaFe2As2 

undergoes pressure-induced structural collapse, displaying a superconductivity dome in the 

phase diagram (TC(max) ~ 12 K) between 0.23 and 0.86 GPa.39 The maximum TC values achieved 

in SrFe2As2 and BaFe2As2 were 34 K at 3.77 GPa and 29 K at 4.0 GPa, respectively.39,40 In 

EuFe2As2, the TC reaches as high as 41 K at 10.3 GPa, with the collapsed tetragonal phase being 
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formed above 8 GPa.41 The ternary Eu-containing pnictides discussed so far show interesting 

pressure-induced behaviors associated with structure collapse, valence change of Eu, as well as 

the change in magnetic properties. A recent report on EuCu2As2 indicates the possible 

ferromagnetic ordering of Eu moments above 7 GPa.42 In addition, EuCo2As2 also shows a 

second-order structural transition at 4.6 GPa.43 However, the related details of valence change 

and magnetic properties of EuCu2As2 and EuCo2As2 require more thorough investigations. 

 
1.3 Magnetic Refrigeration  

 

Magnetic refrigeration is a promising, environmentally friendly cooling technology based 

on magnetocaloric effect (MCE). It can achieve high cooling efficiency (>60%) as compared to 

the efficiency of conventional gas expansion-compression refrigerators (<40%).44 The MCE is a 

thermodynamic phenomenon arising from the change of the magnetic component of the total 

entropy upon application or removal of the magnetic field.45 Under adiabatic conditions (zero 

heat exchange, Q = 0), removal of the magnetic field (demagnetization of the material) results 

in a temperature drop – an effect that can be harvested for refrigeration technology (Figure 1.7). 

A discovery of a “colossal” MCE in Gd5Si2Ge2 near room temperature opened the way to 

magnetic refrigeration for practical purposes.46 

 

 

Figure 1.7 Magnetic cooling cycle based on the magnetocaloric effect. 
 

Despite all recent efforts in the field of magnetocaloric materials, only a few of them, 

such as Gd, Gd5Si2Ge2, MnAs, La(Fe,Si)H, R1-xMxMnO3, (R = rare-earth, M = Ca, Sr, Ba, etc), 

and Heusler alloys (e.g., NiMnSn), exhibit considerable MCE around room temperature.47  For 

many of these systems, the prospects of future practical application in refrigerating devices are 
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dubious due to limited availability, high cost, and toxicity of constituent elements. Therefore, the 

discovery of sustainable, inexpensive, and environmentally friendly materials with superior 

magnetocaloric properties is crucial to the success of this emerging technology. Recently, 

AlFe2B2 was reported to show FM ordering near room temperature which makes it a potential 

candidate for magnetic refrigeration.48 The magnetic properties, however, were measured on 

quite impure samples, and the MCE of AlFe2B2  was not investigated. 

 

1.4 Research Objectives 

 

Based on the aforementioned state of current knowledge about the ThCr2Si2 structure 

type intermetallics, the properties of RCo2As2 materials are essentially unknown, and the 

interplay between their crystal and electronic structures and magnetic properties has not been 

explored. The pressure effect on the properties of RCo2As2 is also worth investigating. Moreover, 

it is also of interest to apply the fundamental knowledge gained from studies of itinerant 

magnetism to the discovery of new materials for magnetic refrigeration. Therefore, the following 

research objectives are being pursued in this dissertation. 

(1)  Investigation of the structural and magnetic properties of RCo2As2 (R = La, Ce,  Pr， 

Nd) phases. Since there are no phase-pure samples or single crystals of these phases, 

we synthesize them and perform detailed physical measurements.  In Chapter 3, we 

demonstrate the synthesis of RCo2As2 via reactions in molten Bi, as well as 

characterization of these materials by powder and single crystal neutron diffraction to 

reveal the magnetic structures. 

(2)  Investigation of the physical pressure, chemical compression, and electron doping 

effects in ACo2As2 (A = Eu, Ca). Since EuCo2As2 shows a second-order structural 

phase transition at 4.6 GPa, in Chapter 4 we study the valence of Eu, and its influence 

on the electronic structure and magnetic properties of EuCo2As2 under high pressure 

using X-ray absorption near-edge structure (XANES) and X-ray magnetic circular 

dichroism (XMCD) spectroscopy. We also carry out quantum-chemical calculations 

to reveal the influence of pressure on the electronic band structure. Chemical pressure 

and electron doping effects will be studied in Ca0.9Eu0.1Co2As2and Ca0.85La0.15Co2As2. 

(3) Investigation of structural and magnetic properties of Ca1-xEuxCo2As2 under chemical 

compression. CaCo2As2 and EuCo2As2 differ dramatically in the origin of magnetic 
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ordering and in the size of the Ca2+ and Eu2+ ions. In Chapter 5 we study the effects of 

chemical pressure on the oxidation state of Eu, crystal and electronic structures, and 

magnetic structure of solid solutions Ca1-xEuxCo2As2 (0 ≤ x ≤ 1). We synthesize 

phase-pure samples and grow single crystals of these materials from Bi flux, followed 

by the study of their crystal structure and magnetic properties, as well as neutron 

diffraction experiments to determine the magnetic structure. 

(4) In Chapter 6, we extend the reactions in Bi flux to the synthesis of new ternary rare-

earth cobalt arsenides, which have more complex structures in comparison to the 

simple ThCr2Si2 structure type. In particular, series of R2Co12As7 and RCo5As3 

compounds are prepared and their magnetic properties will be studied. These studies 

also address the coupling between Co 3d and rare-earth 4f moments and the overall 

interplay between the structural and magnetic properties.  

(5) Investigation of magnetocaloric effect (MCE) in another type of layered-structure 

material, AlFe2B2. In Chapter 7, phase-pure samples of AlFe2B2 are pursued via 

different synthetic methods. Then we perform the magnetic characterization and 

study the magnetocaloric properties of this material for possible application in 

magnetic refrigeration. 
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CHAPTER 2 
 

MATERIALS AND METHODS 
 

 
2.1 Starting Materials 

 

Finely dispersed powders of La (99.9%), Pr (99.9%), Y (99.6%), As (99.99%), Ca 

dendritic pieces (99.98%), Mn (99.95%), Fe (98%), Co (99.5%), and Bi granules (99.997%) 

were purchased from Alfa Aesar. Boron powder (95-97%) was obtained from Strem Chemicals. 

Ce and all other rare-earth metals were obtained by filing from metal chunks (Michigan 

Chemical Corporation, 99.9%) stored under oil, which was washed away with dry and air-free n-

hexane before filing. Europium metal chunks (>99%) were obtained from the Materials 

Preparation Center at Ames Laboratory, which is supported by the US DOE Basic Energy 

Sciences. Ca and Eu metals were cut into small pieces during the preparation. Fe, and Co 

powders (Alfa Aesar, 99.5%) were additionally purified by heating in a flow of H2 gas for 5 h at 

775 K. All manipulations during sample preparation were carried out in an argon-filled dry box 

(O2 content <1 ppm). 

 

2.2 Synthesis  
 

Materials aimed to synthesize are mainly ternary rare-earth cobalt arsenides and 

aluminum transition metal borides. During the numerous trials towards preparing targeting 

materials, a variety of synthetic methods were employed, such as conventional solid state 

reaction, arc-melting method, tin flux, lead flux, bismuth flux, copper flux, aluminum flux, 

galium flux, indium flux, CoAs self flux, and mixture of salt (alkali metal chloride) flux. Here 

we discuss those methods which produce almost phase pure samples or single crystals. 

 
2.2.1 Synthesis of RCo2As2 (A = La-Nd), Ca1-xEuxCo2As2, A2Co12As7 (A = Ca, Y, Ce-Yb), 

and RCo5As3 (R = Ce-Yb) 
 

Synthesis from Bi flux. All of these ternary cobalt arsenides were obtained by mixing 

starting materials with a certain ratio with extra Bi (total mass = 5 g) and loaded into 10 mm 

inner diameter (i.d.) fused silica tubes, which were sealed under vacuum (< 10–2 mbar). 

Carbonated silica tubes were used for samples containing Ca, Eu, or Yb to prevent reacting with 
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silica tubes. The mixtures were annealed at 1173-1223 K for 8-10 days and cooled down within 

the furnace after it was turned off. The Bi flux was removed by soaking the samples in a mixture 

of glacial acetic acid and 30% aqueous H2O2 (1:1 v/v) for 2-6 days, followed by washings with 

dilute HCl (1:1 v/v) and water. RCo2As2 (R= La, Ce, Pr, Nd) were obtained by mixing starting 

elements in the R:Co:As:Bi = 1:2:2:30 ratio. But extra Ca or Eu are required for the preparation 

of phase pure Ca1-xEuxCo2As2 (0 ≤ x ≤ 1), so the ratio used is Ca:Eu:Co:As:Bi = 2(1-x):2x:2:30. 

For the synthesis of A2Co12As7 (A = Ca, Y, Ce-Yb) and RCo5As3, starting materials were mixed 

in the A or R:Co:As:Bi = x:12:7:30 (x = 2-4), R:Co:As:Bi = 1:2:1:30, or R:Co:As:Bi = 1:2:1:16 

ratio. The purity of bulk samples was checked by powder X-ray diffraction and most of them are 

phase pure. Single crystals form plate-like, hexagonal prism, needle-like shapes for ACo2As2, 

A2Co12As7 and RCo5As3, respectively. The samples for neutron powder diffraction experiments 

were prepared by scaling up the total sample mass to 25 g (of which 23.5 g was Bi flux) and 

using larger silica tubes with 15 mm i.d. The scale-up also led to the formation of larger single-

crystals of RCo2As2, Ca1-xEuxCo2As2, and Ca2Co12As7, which were selected for magnetic 

property measurements and/or single crystal neutron diffraction measurements.  

 
2.2.2 Synthesis of AlFe2B2  
 

Arc-melting. The starting materials were mixed in the Al:Fe:B = 3:2:2 ratio (total mass = 

0.35 g) and pressed into a 10 mm i.d. pellet for obtaining AlFe2B2. An excess amount of Al is 

crucial for obtaining the desired phase and minimizing the content of byproducts. The pellet was 

arc-melted under argon. To improve homogeneity of the product, the obtained ingot was sealed 

under vacuum (<10–2 mbar) in a 10 mm i.d. silica tube and annealed at 1073 or 1173 K for 7 

days. Powder X-ray diffraction analysis indicated that the samples contained AlFe2B2 as the 

major phase and an impurity of Al13Fe4. The byproduct was removed by soaking the sample in 

dilute HCl (1:1 v/v) for 10 minutes. AlFe2B2 also reacts with dilute HCl but at much slower rate. 

The phase purity of the product after acid treatment was confirmed by powder X-ray diffraction. 

Synthesis from Ga flux. For obtaining AlFe2B2, the starting materials were mixed in the 

Al:Fe:B:Ga = 1.5:1.8:2:10 ratio (total mass = 2 g) and loaded into a 10 mm i.d. alumina crucible. 

The crucible was placed in a 13 mm i.d. silica tube and sealed under vacuum (< 10–2 mbar). The 

mixture was annealed at 1073 K for 7 days. The Ga flux was removed by centrifugation at 600 
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°C. To remove the remaining traces of Ga, the product was soaked in a 1.5 M solution of I2 in 

DMF. Powder X-ray diffraction confirmed the phase purity of the sample obtained. 

 

2.3 X-ray Diffraction 
 

All of the compounds were measured by powder X-ray diffraction to identify the phase 

and check the possible impurities. Except for the AlFe2B2 sample obtained from Ga flux, the rest 

of samples contain single crystals which are sufficiently big for single crystal X-ray diffraction 

measurements, and they all measured at room temperature to determine the structure type.  

 
2.3.1 Powder X-ray Diffraction 
 

Room temperature powder X-ray diffraction was carried out on a PANalytical X’Pert Pro 

diffractometer with an X’Celerator detector using Cu-K radiation (λ = 1.54187 Å). The patterns 

were recorded in the 2θ range of 10° to 80° with a step of 0.017° and the total collection time of 

one hour. The analysis of PXRD patterns was carried out with the HighScore Plus suite.49 For the 

purpose of carrying out Reitveld refinement of patterns of AlFe2B2 samples, the patterns were 

recorded for 12 hours with 2θ range of 10° to 120°. The FullProf software package was used for 

Reitveld refinement of AlFe2B2.
50 

 
2.3.2 Single Crystal X-ray Diffraction 
 

A single crystal was glued with epoxy cement on the tip of a quartz fiber and mounted on 

a goniometer head of a Bruker AXS SMART diffractometer equipped with an APEX-II CCD 

detector. The data sets were recorded as ω-scans in steps of 0.3° and integrated with the Bruker 

SAINT software.51 Solution and refinement of the crystal structures were carried out using the 

SHELX suite of programs.52 The final refinement was performed with anisotropic atomic 

displacement parameters for atoms occupying different positions.  In the structure of RCo2As2 

(R= La, Ce), small amount of Bi was also included in the structure, so the disordered Bi and R 

atomic positions were refined isotropically, but constrained to have equal atomic displacement 

parameters. All structures of Ca1-xEuxCo2As2 were refined isotropically with Ca and Eu 

constrained to have equal atomic displacement parameters. Summaries of pertinent information 

relating to unit cell parameters, data collection, and refinements are provided in each chapter. 
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2.4 Physical Measurements 
 

Elemental analysis of select single crystals was carried out on a JEOL 5900 scanning 

electron microscope with an energy-dispersive X-ray (EDX) microanalysis. Magnetic 

measurements were performed on polycrystalline samples and single crystals with a Quantum 

Design SQUID magnetometer MPMS-XL. DC magnetic susceptibility measurements were 

carried out in the temperature range of 1.8–300 K in an applied field of 1 mT for polycrystalline 

samples, or 0.1 T for single crystals. Isothermal field dependences of magnetization and 

hysteresis were measured with the magnetic field varying between –7 and 7 T. 

 

2.5 X-ray Absorption Near-Edge Structure (XANES) Spectroscopy and X-ray Magnetic 

Circular Dichroism (XMCD) Measurements 
 

2.5.1 X-ray Absorption Near-Edge Structure (XANES) Spectroscopy 
 

Most of XANES spectra were measured at L3-R absorption edges in the transmission 

mode. Nitrogen cryostat was used to cool down the samples during the measurements. The exact 

value of valence was extracted from the experimental spectra using the conventional fitting with 

the combination of Lorentzian, Gaussian, and arctangent curves. 

 For RCo2As2 (R = La, Ce, Pr), spectra at room temperature and in the range of 10-100 K 

were measured at the beamline “Structural materials science” of Kurchatov synchrotron radiation 

source (Moscow, Russia). Spectra collected at ~86 K were obtained at the beamline mySpot of 

BESSY-II storage ring (HZB, Berlin, Germany). Eu2Co12As7, Yb2Co12As7, Ca0.9Eu0.1Co2As2 

spectra were measured in the range of 92-294 K at the beamline mySpot of BESSY-II storage 

ring. Ce2Co12As7 spectra were collected in the range of 80-200 K at beamline i811 of MAX IV 

Laboratory (Lund, Sweden). Ca1-xEuxCo2As2 (0.1 < x ≤ 0.9) samples were measured at the 

beamline i811 of MAX IV Laboratory. High flux produced by the wiggler made possible the 

continuous scan mode, so the readout took place while the monochromator crystal was moving. 

Each sample was measured twice and the resulting spectra were averaged.  

High pressure XANES spectra of Ca0.5Eu0.5Co2As2 were collected at ODE beamline of 

synchrotron SOLEIL (L'Orme des Merisiers, Saint-Aubin, France). The X-ray absorption spectra 

were measured using an energy dispersive scheme with the Si(311) bent crystal monochromator 

providing the energy resolution of ΔE/E ~ 4×10-5. The fine powder sample was exposed to high 

pressure up to 40 GPa using the diamond anvil cell (DAC) with rhenium gasket and alcohol as a 
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pressure-transmitting medium. The pressure inside the DAC was controlled by the shift of laser-

excited ruby fluorescence line. The low temperature at the cell with the sample was created using 

the closed cycle cryocooler. The XANES measurements were done at Eu L2 absorption edge 

because this energy range is more or less free from the noise caused by scattering from diamond. 

The maximum at Eu L2 edge is sensitive to Eu valence in similar way like Eu L3. In order to 

extract the Eu valence, the double-peak structure of Eu L2 absorption maximum was fitted in a 

conventional way with the combination of Lorentzian, Gaussian and arctangent curves. 

 
2.5.2 X-ray Magnetic Circular Dichroism (XMCD) Measurements 
 

High-pressure XANES and XMCD spectra of EuCo2As2 were measured at the Eu L3-

edge using transmission geometry, at beamline 4-ID-D of the Advanced Photon Source, Argonne 

National Laboratory. A membrane-driven CuBe diamond anvil cell (DAC) was prepared with a 

partially perforated anvil placed opposite to a fully perforated anvil with a minianvil on top. The 

culet diameter was 600 m. A 250 m hole was drilled as sample chamber on a stainless steel 

gasket pre-indented to a thickness of 80 m. A polycrystalline sample of EuCo2As2 was ground 

and sieved though a mesh to afford fine powder with grain size of ~4-5 m, which was then 

mixed with silicon oil used as pressure-transmitting medium. A few ruby chips were also loaded 

with the sample for pressure calibration. The DAC was inserted into a 6.5 T magnet equipped 

with a helium flow system for cooling down to 1.4 K. The pressure was controlled and calibrated 

in-situ using the He gas membrane and an online ruby luminescence system inserted into one of 

the radial re-entrant bores of the split superconducting magnet. The XMCD experiments were 

performed with magnetic field applied parallel and antiparallel to the incident photon wave 

vector to remove any artifact signal. 

 

2.6 Neutron Scattering Measurements 
 

2.6.1 Powder Neutron Diffraction 
 

Non-polarized powder neutron diffraction experiments on ACo2As2 (R = Ca, La, Ce, Pr) 

and Nd2Co12As7 were carried out using the HB-2A high-resolution neutron powder 

diffractometer at the High Flux Isotope Reactor at Oak Ridge National Laboratory (ORNL). The 

 = 1.536 Å and monochromatic radiation was provided by a vertically focusing Ge (115) 
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monochromator. Measurements were performed on a sample of ~3 g held in a cylindrical 

vanadium container placed in a top-loading closed cycle refrigerator, covering a temperature 

range of 4–300 K. PrCo2As2 sample was also measured with  = 2.41 Å producing by Ge (113) 

monochromator. Sample was pelletized for the measurements under magnetic field varying from 

0 to 7 T. The data were collected by scanning the detector array consisting of 44 3He tubes in two 

segments, to cover the total 2 range of 7°–133° in steps of 0.05°. Overlapping detectors for the 

given step served to average the counting efficiency of each detector. More details about the HB-

2A instrument and data collection strategies can be found in the original publication.53 Rietveld 

refinement of the collected data was carried out using FULLPROF software.50 

For CeCo2As2 and R2Co12As7 (R= Ce, Nd), polarized neutron scattering measurements 

were also carried out using the hybrid spectrometer HYSPEC at the ORNL Spallation Neutron 

Source. The samples were prepared as compacted pellets, to avoid crystallite reorientation in 

applied magnetic field. The pelletized samples were loaded in Al cans and placed inside a 5 T 

vertical field cryomagnet, or a cylindrical assembly of permanent magnets that could be loaded 

in a closed cycle refrigerator to provide a vertical magnetic field of 0.1 T at the sample position. 

HYSPEC is a highly versatile direct geometry spectrometer that combines the time-of-flight 

(TOF) spectroscopy with the focusing Bragg optics.54 The instrument was equipped with 3He 

linear position sensitive tube detectors assembled into 20 sets of 8-packs that covered an angular 

range of 60° in the horizontal scattering plane and a vertical acceptance of 15°. The entire bank 

could be rotated about the sample, providing measurement at scattering angles of up to 135° 

depending upon the used incident energy (Ei). The polarized neutron beam was obtained by 

reflection from Heusler monochromator, and a Mezei flipper was used to flip the spin state of the 

incident neutron beam. For these polarized measurements we employed Ei = 15 meV ( = 2.335 

Å) that gave access to scattering angles of up to 105°. 

The scattering intensity for the polarized neutrons is given by the formula I
± = |FN|2 ± 

2P0·D·FN·FM + |FM|2, where FN and FM are the nuclear and magnetic structure factors, P0 is the 

incident neutron polarization, and D represents the depolarization factor that might occur in the 

sample. The nuclear-magnetic interference term of the scattering cross-section (2P0·D·FN·FM) 

allows to enhance the magnetic sensitivity and remove the impact of the background on the 

peak-to-background ratio. With the incident polarization parallel to the applied field and sample 

magnetization, one can obtain the flipping difference spectra, Diff = I+ – I– = 4P0·D·FN·FM, in 
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the case of crystal structures with inversion symmetry.55 Note that the “flipping difference” 

technique only applies to samples that are ferro- or ferrimagnetically ordered under an applied 

magnetic field, where the incident polarization is parallel to the magnetization of the sample. 

 
2.6.2 Single Crystal Neutron Diffraction 
 

Single crystals of PrCo2As2 (~1.2×1.2×0.5 mm3), Ca0.5Eu0.5Co2As2 (~1×1×0.2 mm3), 

Ca0.3Eu0.70Co2As2 (~2×2×0.4 mm3), and EuCo2As2 (~2×2×0.2 mm3) were mounted on the stage 

of the HB-3A four-circle single crystal diffractometer. Neutrons with wavelength of  = 1.003 Å 

were generated from bent silicon monochromator.56 The data were collected at temperatures 

which are above magnetic ordering temperature, as well as the base temperature (~ 4 K) of the 

instrument that can reach. Certain magnetic peaks were measured as a function of temperature to 

determine the magnetic ordering temperature. For Eu containing samples, absorption correction 

was applied using the PLANTON software.57 The nuclear and magnetic structure refinements 

were performed with the FULLPROF software. All of these structures stay at the same structure 

type as the temperature changes. PrCo2As2 was also measured using HB-3 Triple-Axis 

Spectrometer at ORNL, which allows cooling the temperature down to 1.5 K and applying the 

magnetic field up to 7 T. 

 

2.7 Solid-State NMR Spectroscopy 
 

For LaCo2As2, field-sweep NMR and zero-field NMR measurements were performed in 

the 4.6-300 K temperature range using a home-built phase coherent pulsed NMR/NQR 

spectrometer. The powder sample was mixed with paraffin and placed in a Teflon sample holder. 

NMR spectra were recorded by sweeping the magnetic field at several fixed frequencies in the 

range of 24.6-43.2 MHz. The zero-field NMR spectra were measured using a frequency step 

point-by-point spin-echo technique in the frequency range of 13.2-59.8 MHz at 15 K. In all 

nuclear resonance experiments, the area under the spin echo magnitude was integrated in the 

time domain and averaged over the scan accumulation number, which depended on the 

temperature and type of the experiment. Typical pulse lengths were 2-5 μs and 4-10 μs for the 

/2- and -pulses, respectively, with a pulse separation of 15-100 μs, depending on the nucleus, 

the temperature, and the type of experiment. 
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2.8 Mössbauer Spectroscopy 
 

AlFe2B2 was investigated by Mössbauer spectroscopy and 10-30 mg of finely ground 

powder dispersed in an inert eicosane matrix. Field- and temperature-dependent spectra were 

recorded using a Mössbauer spectrometer equipped with a Janis 8DT Super Varitemp cryostat 

that was outfitted with an 8 T superconducting magnet. The spectrometer was operated in a 

constant acceleration mode, used a ~100 mCi 57Co(Rh) source, and allowed for applied fields 

parallel to the observed γ-radiation. Isomer shifts are quoted against the centroid of a room-

temperature spectrum recorded for a standard iron metal foil. Mössbauer spectral simulations 

were performed using the WMOSS software (See Co., formerly WEB Research Co., Edina, MN) 

and relied on using both the spin-Hamiltonian formalism and the Voigt-based model of assessing 

hyperfine field distributions developed by Rancourt et al.
 .58 

 
2.9 Transmission Electron Microscopy 

 

TEM analysis of Ca2Co12As7 was carried out on a probe aberration corrected sub-Å 

resolution JEOL JEM-ARM200cF microscope operated at accelerating voltage of 200 kV. The 

TEM data were obtained from thin electron-transparent pieces of Ca2Co12As7 single crystal. The 

sample was prepared by crushing the small single crystal with a mortar and pestle in methanol, 

and dropping the suspension onto a carbon/formvar coated 200-mesh Cu TEM grid. Atomic 

resolution images along the major axis were obtained using scanning transmission electron 

microscopy high angle annular dark field imaging techniques (STEM-HAADF). STEM images 

were taken with the JEOL HAADF detector using the 7c probe size, 30 µm CL aperture, 32 

µs/pixel scan speed, and 8 cm camera length. The STEM resolution of the microscope was 0.78 

Å. The inner detector collection angle was 76 mrad. 

 

2.10 Quantum-chemical Calculations 
 

  Band structure calculations were carried out using a full potential all-electron local 

orbital code FPLO (version fplo7.00–28) and/or tight binding-linear muffin tin orbitals-atomic 

sphere approximation (TB-LMTO-ASA) software package. Parameters were taken from the 

structural data refined from single crystal diffraction refinement or literature report.  

For the FPLO approach, local spin density approximation (LSDA) was performed 

including spin-orbit coupling.59 The Perdew–Wang parameterization of the exchange-correlation 
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potentials was employed.60 The scalar-relativistic Dirac equation was solved self-consistently. 

The tetrahedron method was used for the Brillouin-zone integration Band structures. The non-

polarized and spin-polarized density of states (DOS) were calculated after convergence of the 

total energy on a dense 323232 mesh with 2393 irreducible k-points. Calculations of 

LaCo2As2, PrCo2As2 and AlFe2B2 were performed using the idealized structures established from 

single crystal X-ray diffraction, without inclusion of Bi defects or Co vacancies. 

  For Ca1-xEuxCo2As2, Y2Co12As7 and YCo5As3, band structures were carried out with the 

tight binding-linear muffin tin orbitals-atomic sphere approximation (TB-LMTO-ASA) software 

package.61 Using LMTO approcah, Hamilton population (COHP) analysis was also performed. 

The von Barth-Hedin exchange-correlation potential was employed for the local density 

approximation (LDA) calculation.62 The radial scalar-relativistic Dirac equation was solved to 

obtain the partial waves. Empty spheres had to be added if needed. The calculations contained a 

basis set of R-6s/5d(6p) with R 4fn treated as the core, Co-4s/4p/3d, and As-4s/4p/(4d) 

(downfolded orbitals in parentheses). Normally, a 12×12×24 mesh with 436 irreducible k-points 

in the irreducible wedge of the Brillouin zone were used for integrations over the reciprocal unit 

cells.  

In Ca1-xEuxCo2As2 series, calculations were performed on five compounds, CaCo2As2, 

Ca0.75Eu0.25Co2As2, Ca0.5Eu0.5Co2As2, Ca0.25Eu0.75Co2As2, and EuCo2As2. Co vacancies were not 

taken into consideration during the calculation. For CaCo2As2, Ca0.5Eu0.5Co2As2 and EuCo2As2, 

parameters were used from room-temperature single crystal X-ray diffraction refinements. 

Parameters for Ca0.75Eu0.25Co2As2 and Ca0.25Eu0.75Co2As2 were taken from those of 

Ca0.7Eu0.3Co2As2 and Ca0.3Eu0.7Co2As2. Calculations on CaCo2As2, and EuCo2As2 were 

performed in original unit cell (a×a×c) with space group (I4/mmm) after convergence of the total 

energy on a dense of 12×12×24 mesh with 436 irreducible k-points. Ca0.5Eu0.5Co2As2 was 

calculated in the original unit cell (a×a×c) by putting Ca atom in the corner and Eu atom in the 

center of the unit cell, with a lower symmetry (Pmmm). A 18×18×6 mesh with 400 irreducible k-

points was employed for the convergence. In the case of Ca0.75Eu0.5Co2As2 and 

Ca0.25Eu0.75Co2As2, hypothetical superstructures (2a×a×c) were constructed based on the original 

unit cell space group Pmmm, and a 12×18×6 mesh with 280 irreducible k-points were used. All 

of the calculations contained a basis set of Eu-6s/5d(6p) with Eu 4f3 treated as the core, Ca-

3s/3p/(3d), Co-4s/4p/3d, As-4s/4p/(4d) (downfolded orbitals in parentheses). 
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CHAPTER 3 
 

SYNTHESIS, STRUCTURAL AND MAGNETIC PROPERTIES 

OF RCO2AS2 (R = LA, CE, PR, ND) 
 

 
3.1 Introduction 

 

Layered pnictides of the ThCr2Si2 structure type have drawn increasing attention due to 

the recent discovery of a new class of high-temperature superconductors derived from AFe2As2 

(A = Ca, Sr, Ba, Eu).38 The superconductivity is imparted by proper electron or hole doping of 

these materials. For example, the substitution of K for Ba or Co for Fe suppresses AFM ordering 

in BaFe2As2 and results in the superconducting behavior with TC = 38 K in Ba0.6K0.4Fe2As2
17d 

and TC = 22 K in BaFe1.8Co0.2As2.
63 At higher doping levels, the superconductivity disappears 

and, for instance, pure BaCo2As2 shows paramagnetic properties.27a 

Naturally, such studies of electron doping in AFe2As2 have sparked interest in the Co-

containing analogues, ACo2As2. Similar to BaCo2As2, SrCo2As2 is a paramagnet but shows AFM 

spin fluctuations at 5 K,27b,c,d while CaCo2As2 exhibits AFM ordering at ~70 K.28 In EuCo2As2, 

the AFM ordering occurs at 39 K but it has been attributed to the ordering of the Eu2+ 4f 

magnetic moments rather than the Co 3d moments.29 We find, however, that with the exception 

of EuCo2As2, very little is known about the synthesis and properties of other rare-earth 

containing RCo2As2 materials.  

The investigation of RCo2As2 phases is interesting from the magnetism point of view, 

considering the rich and fascinating magnetic behavior established for isostructural RCo2P2. 

Among the latter, LaCo2P2 orders FM at 132 K while other RCo2P2 (R = Ce, Pr, Nd, Sm) exhibit 

AFM ordering above room temperature.26 Upon doping of Pr (or Nd) for La in LaCo2P2, the FM 

ordering temperature increases from 132 K to 275 K.24b Furthermore, the quaternary La1–

xPrxCo2P2 phases exhibit multiple magnetic transitions that are not observed in their ternary 

congeners. For example, as the temperature is lowered, La0.75Pr0.25Co2P2 undergoes FM ordering 

of Co 3d moments in the ab plane of the tetragonal lattice at 170 K, followed by FM ordering of 

Pr 4f moments along the c axis at 67 K that causes reorientation of the Co moments along the c 

axis in the direction antiparallel to the Pr moments (Figure 1.6).25 Thus, La0.75Pr0.25Co2P2 is 

characterized by a FiM ground state, not observed in any of the ternary RCo2P2 phases. Such 
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drastic change in the magnetic behavior upon partial isoelectronic substitution of Pr for La is 

explained by the stabilization of the ferromagnetism in the Co sublattice due to subtle changes of 

the electronic structure at the Fermi level.24b 

Our group also has shown that the substitution of Fe for Co in LaCo2P2 leads to the 

suppression of FM ordering and emergence of a spin-glass state even at low concentrations of Fe 

(~10%).24c The influence of the pnictogen on the magnetic properties of these materials has been 

unknown until recently, mainly due to the lack of a reliable synthetic approach to phase-pure 

RCo2As2 samples or their representative single crystals. In fact, prior to our work, there existed 

only one report on the preparation of RCo2As2 in which the attempts to obtain singles crystals 

from Sn flux were unsuccessful.26a 

Recently, we have reported the successful preparation of single-phase LaCo2As2 and the 

growth of corresponding single crystals by carrying out the reaction between constituent 

elements in molten Bi.30 Similar to LaCo2P2, which orders FM at TC = 132 K, LaCo2As2 shows 

FM ordering at TC ~ 200 K. Furthermore, we established that a small amount of Bi substitutes for 

La with a simultaneous formation of vacancies in the Co sublattice, a structural feature not 

observed for RCo2P2 analogues. Herein, we demonstrate that the reaction in Bi flux serves as the 

general method for the preparation of other RCo2As2 materials. We also show that the crystal 

structures and magnetic behavior of these arsenides are distinctly different from the properties of 

the corresponding phosphides.  

 
3.2 Results and Discussion 

 
3.2.1 Synthesis and Crystal Structure 
 

In our numerous attempts to repeat the only literature report on the synthesis of RCo2As2 

in Sn flux,26a we consistently arrived at samples contaminated by a large amount of byproducts.30 

Thus, we concluded that alternative synthetic conditions were necessary to obtain phase-pure 

samples. As an alternative, we turned to reactions in molten Bi keeping in mind that this metal 

does not form any binary compounds with Co and As,65 and thus the reaction might proceed in a 

different pathway as compared to the reaction in Sn flux. Indeed, the reaction between elements 

in Bi flux led to phase-pure samples of RCo2As2 (R = La, Ce, Pr) (Figure 3.1). When the 

reactions were scaled up, sufficiently large plate-like single crystals were obtained, with 

approximate dimensions of 1×1×0.2 mm3. The plane of the single crystal is perpendicular to the 
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c axis of the tetragonal structure, as indicated by the strong (00l) peaks in the X-ray powder 

diffraction patterns collected on a batch of oriented crystals (Figure A.1). We could not obtain a 

phase-pure NdCo2As2 sample, but a batch of single crystals was manually isolated to characterize 

the desired product (Figure A.2). Attempts to prepare the analogous Sm- or Gd-containing 

compounds were unsuccessful, although the isostructural phosphide, SmCo2P2, is known.26d 

 

 

Figure 3.1 Calculated X-ray powder diffraction pattern of LaCo2As2 (red) and experimental X-
ray powder diffraction patterns of La0.97Bi0.03Co1.9As2 (black), Ce0.95Bi0.05Co1.85As2 (blue), and 
PrCo1.8As2 (green). 

 

 
Figure 3.2 The crystal structure of La0.97Bi0.03Co1.9As2 showing three adjacent unit cells along 
the a axis. Color scheme: La = green, Co = purple, As = orange. The Bi sites are shown with 
translucent pink to emphasize the low partial occupancy of these positions. 
 

Single-crystal X-ray diffraction confirmed that all RCo2As2 phases crystallize in the 

ThCr2Si2 structure type, space group I4/mmm (Table 3.1, Figure 3.2). The EDX analysis revealed 

the average elemental ratio R:Co:As ~ 1.2:1.8:2 (Table 3.2), which is close to the nominal 1:2:2 
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stoichiometry. The refinement of the crystal structure indicated the formation of ~5-15% 

vacancies in the Co sublattice, which is in agreement with the slightly lower Co content detected 

by the EDX analysis. In addition, both La- and Ce-containing crystals showed significant 

residual electron density near the rare-earth crystallographic site (Wyckoff position 2a). The 

electron density peak was positioned at ~0.5 Å away from the rare-earth site and could not be 

accounted for by the anisotropic atomic displacement of the R atom. Therefore, this site was 

assigned as partially occupied by Bi atoms, and the total occupancy of the R and Bi sites was 

constrained to 1.  

 

Table 3.1 Data collection and structure refinement parameters for R1–xBixCo2–As2 (R = La, Ce, 
Pr, Nd). 

Compound La0.97(1)Bi0.03(1) 

Co1.91(1)As2 

Ce0.95(1)Bi0.05(1) 

Co1.83(1)As2 

PrCo1.78(1)As2 NdCo1.71(1)As2 

Temperature, K 293 293 293 293 
, Å 0.71073 0.71073 0.71073 0.71073 

Space group I4/mmm I4/mmm I4/mmm I4/mmm 
Unit cell a, Å 4.0494(3) 4.0309(1) 4.0216(2) 4.006(1) 
Unit cell c, Å 10.4987(8) 10.2591(4) 10.1798(5) 10.108(3) 

V, Å3 172.15(2) 166.691(9) 164.64(1) 162.2(1) 
Z 2 2 2 2 

Crystal size, mm3 0.06×0.05 
×0.03 

0.07×0.05 
×0.05 

0.06×0.04 
×0.03 

0.04×0.03 
×0.02 

calc, g cm–3 7.788 8.000 7.981 8.070 
, mm–1 41.267 43.833 43.097 44.325 
max, deg 37.5 40.0 45.0 36.2 

Reflections collected 1214 1160 1774 1212 
Unique reflections 162 186 239 146 
Parameters refined 11 11 10 10 

R1,wR2 [Fo > 4(Fo)] 0.019, 0.045 0.018, 0.041 0.020, 0.052 0.016, 0.037 
Diff. peak and hole, 

e Å–3
 

1.40, –3.07 1.56, –1.74 2.37, –3.87 1.52, –1.61 

Goodness-of-fit 1.23 1.18 1.59 1.08 
 
The incorporation of the extra atomic site into the structure of LaCo2As2 obtained from 

Bi flux is supported by the substantial increase of the unit cell parameter c for this material as 

compared to the sample of LaCo2As2 prepared in the absence of Bi flux (Table 3.2).26a It is 

puzzling, however, that the structure of CeCo2As2, which also reveals such dopant site, has 

nearly the same c parameter when prepared with or without Bi flux. The c parameter also 

remains nearly the same for both samples of PrCo2As2 or NdCo2As2, and no evidence for the Bi 
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doping was observed in the structure of these compounds. The crystal structure refinement led to 

the compositions La0.97Bi0.03Co1.9As2, Ce0.95Bi0.05Co1.85As2, PrCo1.8As2, and NdCo1.7As2. 

Noteworthy, a similar inclusion of Sn into the structure of BaFe2As2 was observed for the 

synthesis of this compound in Sn flux,66 while the formation of vacancies in the transition-metal 

sites was also found for other ThCr2Si2-type arsenides, e.g., BaAg1.93As2, BaCu1.88As2, and 

CeNi1.76As2.
67 

 

Table 3.2 Results of EDX analysis and crystallographic parameters of R1–xBixCo2–As2 
determined by room-temperature powder X-ray diffraction. A comparison to the parameters of 
RCo2P2 is also provided. 

Phase EDX analysisa 
a, Å 

c, Å V, Å3 

LaCo2As2
12 – 4.054 10.328 169.8 

La0.97Bi0.03Co1.9As2
a 1.20(1):1.79(1):2 4.0494(3) 10.4987(8) 172.15(2) 

LaCo2P2
8b – 3.815 11.041 160.6 

CeCo2As2
12 – 4.026 10.216 165.6 

Ce0.95Bi0.05Co1.85As2
a 1.19(3):1.76(4):2 4.0309(1) 10.2591(4) 166.691(1) 

CeCo2P2
8b – 3.894 9.599 145.5 

PrCo2As2
12 – 4.017 10.169 164.1 

PrCo1.8As2
a 1.19(9):1.8(1):2 4.02116(2) 10.1798(1) 164.642(1) 

PrCo2P2
8b – 3.900 9.759 148.4 

NdCo2As2
12 – 4.006 10.078 161.7 

NdCo1.7As2
a 1.15(5):1.61(4):2 4.006(1) 10.108(3) 162.2(1) 

NdCo2P2
8b – 3.891 9.687 146.7 

a The R:Co:As atomic ratio. The amount of Bi in the La- and Ce- containing samples could not 
be established from the EDX analysis due to the low content of this element. 
 

In the structures of La0.97Bi0.03Co1.9As2 and Ce0.95Bi0.05Co1.85As2, the displacement of the 

Bi site relative to the more symmetric R site can be explained by the necessity to accommodate 

the stereoactive lone pair of the Bi3+ ion. This displacement results in a distorted coordination 

environment around Bi, with four longer and four shorter Bi-As bonds, as compared to the 

unique length of the eight R-As bonds (Table 3.3). The Bi inclusion, however, is not observed in 

the Pr- and Nd-containing structures, despite the presence of Co vacancies. This difference can 

be tentatively explained by the lanthanide contraction, which makes the lanthanide coordination 

cage less accommodating to the Bi3+ ion (cf. ionic radii: Bi3+, 1.17 Å; La3+, 1.16 Å; Ce3+, 1.14 Å; 

Pr3+, 1.13 Å; Nd3+, 1.11 Å). The substitution of Bi for lanthanides is not unprecedented; for 

example, it is well established for rare-earth ferrite garnets.68 Since the occupancy of the Co site 
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was found to vary slightly from sample to sample, we will use the rounded values for the Co 

stoichiometry in the following discussion. 

 
Table 3.3 Interatomic distances (Å) in the R1–xBixCo2–As2 structures as determined by single-
crystal X-ray diffraction analysis at 298 K. 
Compound R-As Bi-As R-Co Bi-Co As-As Co-Co 

La0.97Bi0.03Co1.9As2 3.2068(3) 3.12(2) 3.3149(2) 3.15(3) 2.8880(2) 2.8634(2) 

  
3.31(2) 

 
3.49(2)   

Ce0.95Bi0.05Co1.85As2 3.1675(3) 3.09(1) 3.2619(1) 3.18(2) 2.7634(4) 2.8503(4) 

  
3.26(1) 

 
3.34(3)   

PrCo1.8As2 3.1556(2) – 3.2435(1) – 2.7361(1) 2.8437(1) 

NdCo1.7As2 3.1427(8) – 3.2247(7)  – 2.7215(6) 2.8329(8) 

 
It is also noteworthy that the interlayer As-As distance in RCo2As2 changes quite 

consistently with the ionic radius of the R3+ ions, from 2.880(2) Å for R = La to 2.7215(6) Å for 

R = Nd (Table 3.3), in contrast to RCo2P2, where the interlayer P-P separation for R = La (3.162 

Å) greatly exceeds the P-P distances for the other members of the series (~2.5-2.6 Å).26d Another 

structural difference can be gleaned from the comparison of the Co-Co distances. In RCo2P2, the 

decrease in the interlayer P-P distance resulted in a significant increase in the intralayer Co-Co 

distance,24b but in RCo2As2 both As-As and Co-Co distances decrease with the lanthanide 

contraction (Table 3.3). Similar to the shorter P-P distances in RCo2P2, the As-As distances in 

RCo2As2 notably exceed the typical length of the As–As single bond (2.43 Å),69 suggesting the 

absence of any significant As-As bonding in these structures. Thus, the interlayer cohesion 

between the [Co2As2] slabs is mainly provided by the R–As bonding.  

 

3.2.2 XANES Spectroscopy 

 

Based on the analysis of magnetic properties and unit cell volumes of the RCo2P2 series, 

Jeitschko et al. deduced that Ce atoms exhibit valence fluctuations in CeCo2P2.
26d These earlier 

findings incited us to examine the oxidation state of Ce in Ce0.95Bi0.05Co1.85As2 by means of 

XANES spectroscopy at the L3 edge of Ce. A spectrum obtained at room temperature is shown in 

Figure 3.3. It can be deconvoluted into two contributions corresponding to Ce3+ and Ce4+ 

oxidation states. The former component clearly dominates the spectrum. Therefore, 

Ce0.95Bi0.05Co1.85As2 can be classified as a slightly mixed-valent compound with the average 
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oxidation state of Ce equal to +3.06, which remains essentially the same from 10 to 300 K 

(Figure A.3, Table A.1). The XANES measurements also confirmed that the oxidation states of 

La in La0.97Bi0.03Co1.9As2 and Pr in PrCo1.8As2 are equal to +3 (Figure A.4). 

 

 

Figure 3.3 L3-Ce XANES spectrum of Ce0.95Bi0.05Co1.85As2 at room temperature. 
 

3.2.3 Magnetic Properties 
 

La0.97Bi0.03Co1.9As2. Magnetic measurements on a polycrystalline sample of 

La0.97Bi0.03Co1.9As2 revealed that this compound exhibits FM ordering at TС = 178 K (Figure 

3.4a), where the TС value was determined from the minimum of the d/dT derivative curve. A 

negligible coercivity observed in the hysteresis loop measured at 1.8 K indicates that 

La0.97Bi0.03Co1.9As2 is a soft ferromagnet (Figure 3.4b). Nevertheless, the divergence of the zero-

field-cooled (ZFC) and field-cooled (FC) susceptibility curves suggests some magnetic 

anisotropy in the Co sublattice. 

To further investigate the magnetic anisotropy of La0.97Bi0.03Co1.9As2, magnetic 

measurements were performed on an oriented single crystal of this compound. The magnetic 

field (H = 1 mT) was applied parallel and perpendicular to the tetragonal c axis, revealing a 

strong preference of the Co moments to be magnetized along the c axis (Figure 3.5a). With H‖c, 

the magnetization is saturated already at ~0.1 T, while with Hc, the saturation is reached only at 

~6.5 T (Figure 3.5b). Based on the field-dependent magnetization data collected at 1.8 K, the 

saturation magnetization value is 0.59(1) B per Co atom. Interestingly, the preferred alignment 
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of Co moments in La0.97Bi0.03Co1.9As2 differs dramatically from that found in the magnetic 

structure of LaCo2P2, where the Co moments exhibit FM alignment parallel to the ab plane.70 

 

 

Figure 3.4 (a) Temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) 
magnetic susceptibilities of a polycrystalline sample of La0.97Bi0.03Co1.9As2 measured under 
magnetic field of 1 mT. (b) Hysteresis loop measured at 1.8 K. 

 

 

Figure 3.5 Temperature dependences of magnetic susceptibility at 1 mT (a) and field 
dependence of magnetization at 1.8 K (b) measured on a single crystal of La0.97Bi0.03Co1.9As2 
with the magnetic field applied parallel or perpendicular to the c axis. 
 

Ce0.95Bi0.05Co1.85As2. Magnetic measurements on a polycrystalline sample of 

Ce0.95Bi0.05Co1.85As2 reveal FM ordering at TC = 147 K (Figure 3.6a). By comparison to the La-

containing analogue, this phase transition can be attributed to the ordering of Co magnetic 

moments. The divergence of the ZFC and FC susceptibility curves also indicates the presence of 

magnetic anisotropy. The ZFC-FC data, however, do not reveal directly the contribution of Ce to 

the magnetism of this material, although one should expect such contribution to be significant, 

given that the Ce ions in this compound are mainly in the +3 oxidation state (Figure 3.3). The 
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isothermal field dependence of magnetization collected at different temperatures (Figure 3.6b) 

exhibits fast increase in magnetization at 75 K due to the ordered Co moments followed by the 

gradual linear increase due to the paramagnetic disordered Ce moments. The magnetization 

curve obtained at 25 K is nearly the same, with the slightly larger initial increase, as can be 

expected from the better alignment of the FM ordered Co domains due to the lower thermal 

energy. The field-dependent magnetization collected at 1.8 K, however, shows a substantial 

coercivity that must be emerging from the ordering of Ce magnetic moments with high 

magnetocrystalline anisotropy. Once the field aligned the domains, the coercivity becomes much 

smaller (Figure 3.7a), which is probably caused by the rotation of domains in polycrystlline 

samples as the field direction changes. The hysteresis loop obtained at 25 K is similar to that 

measured at 1.8 K (Figure 3.7). 

 

 

Figure 3.6 Magnetic measurements on a polycrystalline sample of Ce0.95Bi0.05Co1.85As2: (a) 
Temperature dependence of ZFC-FC magnetic susceptibilities measured under applied field of 1 
mT. (b) Isothermal field dependence of magnetization at 1.8, 25, and 75 K. 
 

 
Figure 3.7 Hysteris loops of polycrystalline sample of Ce0.95Bi0.05Co1.85As2 at 1.8 K (a) and 25 
K(b). 
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The magnetic anisotropy of Co and Ce sublattices can be observed in the single-crystal 

magnetic measurements. Similar to La0.97Bi0.03Co1.9As2, the magnetic moments show a strong 

preference to ordering along the c axis (Figure 3.8a). Besides the sharp rise below TC = 147 K 

due to the ordering of 3d moments, another feature is observed in the susceptibility curve around 

30 K. This anomaly is probably associated with the gradual ordering of 4f moments. The 

hysteresis loop measured at 1.8 K with H‖c (Figure 3.8b) exhibits large coercivity (0.6 T) and 

remanence (1.2 B) associated with the high magnetocrystalline anisotropy of the Ce sublattice. 

With Hc, the coercivity becomes even larger (1 T) but the saturation magnetization is 

substantially lower and the remnant magnetization drops nearly to zero when the magnetic field 

is removed. The covercivity shown in magnetization with H‖c shrinks as the temperature 

increases and finally became negligible above 35 K, suggesting the transiton temperatrue of Ce 

subllatice is 35 K (Figure 3.8c).  

 

 
Figure 3.8 Magnetic measurements on an oriented single crystal of Ce0.95Bi0.05Co1.85As2. 
Temperature dependences of FC magnetic susceptibilities at 1 mT (a), and hysteresis loops at 1.8 
K, (b) measured with the magnetic field applied parallel and perpendicular to the c axis, (c) 
isothermal field dependence of magnetization at 1.8-50 K with the magnetic field applied parallel 
and to the c axis. 

 
At this point, we need to consider the possible nature of magnetic exchange between the 

3d moments of Co and the 4f moments of Ce. In the case of related RCo2 intermetallics, it was 

established that the 3d-4f exchange is always FM for the lighter rare-earth ions, with less than 

half-filled 4f orbitals. The theoretically expected magnetization of the Ce3+ ion is equal to 2.14 

µB, or, when corrected for the oxidation state of Ce (+3.06) found from XANES spectra, 2.01 µB 

in Ce0.95Bi0.05Co1.85As2. The magnetic moment per Co atom can be approximated as 0.59 µB 

from the magnetic properties of La0.97Bi0.03Co1.9As2 (Figure 3.5b), which is also close to the 

value found from the initial increase in the magnetization of Ce0.95Bi0.05Co1.85As2 at 25 K (Figure 
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3.6b). Hence, if the Ce and Co moments were parallel to each other, the total expected saturation 

magnetization would be equal to ~3.09 µB, taking into account the composition of the compound. 

This is much higher than the actual saturation value of 1.33 µB observed at 1.8 K. On the other 

hand, if we assume AFM 3d-4f exchange, the expected saturation magnetization should be ~0.73 

µB, which is closer to the value observed, but still somewhat lower. We also note that the 

magnetic behavior of Ce0.95Bi0.05Co1.85As2 is strikingly different from that of CeCo2P2, which 

exhibits AFM ordering in both Ce and Co sublattices.20b Later, in the neutron diffraction section, 

we will return to the discussion of the magnetic ordering in Ce0.95Bi0.05Co1.85As2. 

 

 

Figure 3.9 Magnetic measurements on a polycrystalline sample of PrCo1.8As2: (a) Temperature 
dependence of ZFC-FC magnetic susceptibilities measured under applied field of 1 mT. (b) 
Isothermal field dependence of magnetization at 1.8 and 100 K. 
 

PrCo1.8As2. Similar to the La- and Ce- containing analogues, PrCo1.8As2 exhibits FM 

ordering of Co moments at Tc = 140 K, as shown by the ZFC and FC susceptibility 

measurements on a polycrystalline sample (Figure 3.9). This behavior is strikingly different from 

the isostructural phosphide, PrCo2P2, where the Co moments show AFM ordering at TN = 309 

K.24b In the low-temperature range, a significant decrease in the magnetic moment is observed 

below 50 K. Such magnetic behavior of PrCo1.8As2 is similar to the behavior of 

La0.75Pr0.25Co2P2,
25 suggesting AFM coupling between the 3d and 4f magnetic moments. The 

temperature-dependent FC susceptibility curve is typical of a ferrimagnet with different 

anisotropies of two magnetic sublattices.71 As the temperature is decreased below TC, the soft Co 

moments order first, causing the abrupt increase in the magnetization, while the hard Pr moments 
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order gradually under the influence of the internal magnetic field induced by the Co moments, 

resulting in the decrease in the total magnetization value. At Tcomp = 9 K, the contributions from 

both sublattices become nearly equal, which leads to the observation of zero magnetization at 

this temperature and negative magnetization values below 9 K, a phenomenon known as the 

magnetic pole reversal.71a The magnetization reaches to the minimum at 6 K and then increases 

at lower temperature. Magnetoresistance mesurements on these samples revealed, however, that 

the feature at 6 K is due to the superconducting transition caused by a negligible impurity of 

amorphous Bi. 

 

 

Figure 3.10 Magnetic measurements on an oriented single crystal of PrCo1.8As2: (a) 
Temperature dependences of FC magnetic susceptibilities with the field of 1 mT applied parallel 
and perpendicular to the c axis. (b) Isothermal field dependences of magnetization at 1.8 - 100 K 
with the field applied parallel to the c axis. 
 

The anisotropy of magnetic properties is observed in the magnetic measurement on a 

single crystal of PrCo1.8As2. Similar to La0.97Bi0.03Co1.9As2 and Ce0.95Bi0.05Co1.85As2, the 

magnetic moments prefer to order along the c axis (Figure 3.10a). The field-dependent 

magnetization measured with H‖c at 100 K exhibits an abrupt increase, confirming the FM 

ordering in the magnetically soft Co sublattice (Figure 3.10b), while with Hc the magnetization 

increases slowly, as expected for the direction perpendicular to the easy axis (Figure A.6). A 

gradual linear increase in the H‖c magnetization is observed as the field increases, which 

confirms the paramagnetism of the Pr sublattice at 100 K. At 30 K, this linear increase becomes 

much more pronounced, in agreement with the purported gradual ordering of the Pr moments 

under the influence of the FM ordered Co sublattice. The magnetic moment per Co atom 
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estimated from the initial ordering of Co moments at 30 K equals to 0.37 B. As the temperature 

decreases, the initial magnetization obtained from the ordering of Co moments drops, and the 

magnetic behavior gradually changes. Stepwise magnetizaton curves were observed below 5 K. 

Eventually, at 1.8 K,  instead of the fast initial rise, we observe a gradual linear increase to a 

plateau of 1.4 B followed by a metamagnetic transition at Hcr = 4.2 T and saturation of the total 

magnetization at 3.0 B. This value is slightly lower than the theoretical expectation for the Pr3+ 

ion (3.2 B) and thus suggests a non-collinear AFM coupling between the Pr and Co moments, 

similar to the situation observed in Ce0.95Bi0.05Co1.85As2. The magnetization behavior measured 

on a polycrystalline sample of PrCo1.8As2 at 1.8 and 100 K (Figure 3.9b) is very similar to that 

observed for the single-crystal sample with H‖c. 

 

 

Figure 3.11 Hysteresis loop for a single crystal of PrCo1.8As2 recorded at 1.8 K with magnetic 
field applied parallel to the c axis. The blue and red portions of the curves were collected upon 
changing the field from 7 to –7 T and from –7 to 7 T, respectively. 

 
It appears, however, that the non-collinear FiM state in PrCo1.8As2 is only stabilized at 

high fields, because the metamagnetic behavior at lower fields suggests the initial presence of an 

AFM state. Indeed, an examination of a hysteresis curve recorded for the single crystal of 

PrCo1.8As2 at 1.8 K (Figure 3.11) reveals two metamagnetic transitions, with the critical fields of 

1.3 and 4.4 T. As the field is increased in either positive or negative direction, the initial small 

increase of magnetization to ~0.5 B is followed by the first metamagnetic step to 1.3 B and 

then by the second metamagnetic step to 2.9 B. The stepwise growth of magnetization may 

correspond to the reorientation of Pr 4f  and/or Co moments and structure of the magnetically 
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ordered ground state might be more complicated than just simple alignment of moments parallel 

to the c axis. We will discuss this in detail in the neutron diffraction section. 

 

 

Figure 3.12 Magnetic measurements on a polycrystalline sample of NdCo1.7As2: (a) 
Temperature dependence of field-cooled magnetic susceptibilities measured under applied 
magnetic field of 10 mT. (b) Isothermal field dependence of magnetization at 1.8 K.  
 

NdCo1.7As2. We were not able to obtain a phase-pure sample of NdCo1.7As2, and the 

crystals of this compound were too small for single-crystal magnetic measurements. Therefore, 

the measurements were performed only on a batch of several manually selected crystals. The 

magnetic behavior of NdCo1.7As2 is similar to that of PrCo1.8As2. The FM ordering of Co 

moments at TC = 62 K is followed by an abrupt decrease in the FC susceptibility nearly to zero at 

lower temperatures (Figure 3.12a), in agreement with AFM 3d-4f exchange. Another turning 

point in the  vs. T curve is observed at 6 K, which might indicate another magnetic phase 

transition. The field-dependent magnetization at 1.8 K reveals two metamagnetic transitions 

(Figure 3.12b). The first critical field is ~3.5 T while only an onset of the second field-induced 

event is observed at 7 T, with the maximum saturation value of 1.66 B reached at this field. 

Since the expected saturation magnetization per Nd3+ ion is 3.28 B, it appears that, similar to 

PrCo1.8As2, the two metamagnetic transitions correspond to the stepwise reorientation of the Nd 

magnetic moments to afford the FiM ground state. 

 

3.2.4 Neutron Diffraction 
 

La0.97Bi0.03Co1.9As2. Jeitschko et al. established the magnetic structures of the 

isostructural compounds RCo2P2 by neutron diffraction.20a,b, 70 We also used this method to probe 

the magnetic structures of La0.97Bi0.03Co1.9As2, Ce0.95Bi0.05Co1.85As2 and PrCo1.8As2. The neutron 

diffraction data collected on La0.97Bi0.03Co1.9As2 above and below the magnetic ordering 
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temperature did not reveal any magnetic peaks below TC (Figure 3.13). Rietveld refinement of 

the nuclear structure resulted in the unit cell parameters a = 4.0592(1) Å and c = 10.4830(5) Å, 

in good agreement with those obtained from the room-temperature X-ray diffraction data (Table 

3.2). The structure refinements led to the formula LaCo1.73As2 (Table A3.2), which confirmed the 

presence of Co vacancies established from the single-crystal X-ray diffraction data. The 

occupancy of the possible Bi site was not refined, due to the very similar neutron scattering 

lengths of Bi (8.532 fm) and La (8.24 fm) and the low amount of Bi present in the structure. 

Nevertheless, we note yet again the significantly larger c parameter of the La-containing samples 

obtained from Bi flux (10.470(1) Å by X-ray and 10.4830(5) Å by neutron powder diffraction) 

as compared to the parameter reported for the sample obtained by a solid-state reaction between 

the elements (10.328 Å).26a 

 

 
Figure 3.13 Rietveld refinements of non-polarized neutron powder diffraction data for 
La0.97Bi0.03Co1.9As2 at 300 K (a) and comparison of patterns obtained at 300 and 4 K (b). 

 
The FM ordering of Co moments along the c axis is expected to produce magnetic 

contribution to the (110) reflection, which also contains a significant nuclear scattering 

contribution. This is in contrast to the neutron diffraction patterns of ferromagnetic LaCo2P2
70 

and La0.75Pr0.25Co2P2
25 where the presence of a weak magnetic (002) reflection is caused by the 

FM ordering of Co moments in the ab plane. The relatively large structure factor associated with 

the nuclear component of the (110) reflection introduces a strong limitation on the magnitude of 

the FM moment that can be detected by using unpolarized neutrons (Figure. 3.13b). Polarized 

neutron diffraction experiments can provide increased sensitivity to the FM ordering along the c 

axis in both R and Co sublattices. Therefore, polarized neutron diffraction data were collected on 



39 

La0.97Bi0.03Co1.9As2 at 4 K. The spin polarization of the incident neutron beam was aligned 

parallel (I+) and antiparallel (I–) to the magnetic field direction. The observed difference 

scattering peaks and calculated profiles are shown in Figure 3.14. The data were modeled with 

FM ordering of Co moments along the tetragonal c axis, resulting in (Co) = 0.59 B, which 

agrees with the values obtained from magnetic measurements. 

 

 
Figure 3.14 Difference plots (I+ – I–) of polarized neutron scattering profiles for 
La0.97Bi0.03Co1.9As2 at 0.1 T and 4 K. The spin polarization of the incident neutron beam was 
aligned parallel (I+) and antiparallel (I–) to the magnetic field direction. The red lines show 
calculated profiles assuming the magnetic structures discussed in the text. 
 

Ce0.95Bi0.05Co1.85As2. Rietveld refinement of the nuclear structure  measured at 200 K 

with 1.54 Å wavelength resulted in the unit cell parameters a = 4.0396(2) Å and c = 10.2202(5) 

Å. The refined composition was CeCo1.8As2  (Figure 3.15, Table A.2), which confirms the 

presence of Co vacancies established from the single-crystal X-ray diffraction experiment. 

Simialr to the La-containg sample, no extra peaks or increased diffraction intensities were 

observed in the pattern collected at 4 K. Indeed,a simulation of the neutron diffraction pattern of 

CeCo1.8As2 for the experimentally determined FM ordering of 3d moments along the c axis (~0.6 

B per Co atom) demonstrated that the contribution of this magnetic structure to the pattern is 

negligible (Figure A.6). On the other hand, if one assumed antiparallel alignment of 3d and 4f 

moments at lower temperatures, with the calculated moment of ~2.0 B per Ce atom, both (110) 

and (101) reflections should have been strongly enhanced (Figure A3.6), but we did not observe 
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such enhancement experimentally. Neither could we reject magnetic ordering in the Ce 

sublattice, given the large magnetic hysteresis found for Ce0.95Bi0.05Co1.85As2 in contrast to the 

magnetic softness of La0.97Bi0.03Co1.9As2 (Figures 3.4 and 3.8).  

 

 

Figure 3.15 Rietveld refinement of non-polarized neutron powder diffraction data for 
Ce0.95Bi0.05Co1.85As2 at 200 K. 

 
Polarized neutron scattering was used to reveal the magnetic structure of 

Ce0.95Bi0.05Co1.85As2. The data collected at 250 K displayed no difference in the oppositely 

polarized scattering intensities, as expected for the paramagnetic state. The data obtained at 50 K 

and 4 K contained no additional magnetic peaks, suggesting no AFM ordering takes place in the 

structure, which confirmed the results obtained from non-polarized neutron diffraction 

measurements. Therefore, magnetic scattering components only contribute to the nuclear peaks. 

At 50 K, an increase in the intensity of (110), (112), (200), and (114) peaks was clearly obesrved 

(Figure 3.16a), similar to the observations made for La0.97Bi0.03Co1.9As2. Using the same model 

with FM ordering of Co moments along the c axis, the scattering profile was fit to (Co) = 0.53 

B, which smaller than the value of 0.59 B obtained for La0.97Bi0.03Co1.9As2. In addition to the 

scattering observed at 50 K, the difference scattering measured at 4 K also displayed additional 

contributions at (10l) and (103) peak positions, which are soley attributed to the ordering of Ce 

moments. The (103) peak is the strongest among all (10l) peaks, which indicates the FM 

coupling between Ce and Co moments. Based on this model, the scattering profile was fit with 

(Ce) = 0.2 B and (Co) = 0.53 B. The magnetic moment for Ce is very small, which might be 

due to the intermediate valence state of Ce in this compound. The small moment of Ce was also 
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observed in other intermetallic compounds such as CeNi4Si and CexY1-xNi0.8Pt0.2, in which Ce 

ions exhibit intermediate valence.72 The results derived from neutron scattering data are in good 

agreement with the small increase (0.2 B) of the saturation magnetization values when going 

from 75 K to 1.8 K (Figure 3.6b). 

 

 
Figure 3.16 Difference plots (I+ – I–) of polarized neutron scattering profiles for 
Ce0.95Bi0.05Co1.85As2 and at 50 K (a) and 4 K (b) at 0.1 T. The spin polarization of the incident 
neutron beam was aligned parallel (I+) and antiparallel (I–) to the magnetic field direction. The 
red lines show calculated profiles assuming the magnetic structures discussed in the text. 
 

PrCo1.8As2. Non-polarized neutron diffraction experiments were carried out on a 

pelletized polycrystaline sample at 75 and 1.5 K. The 2.41 Å wavelength was employed to focus 

on detecting extra magnetic peaks. Rietveld refinement of the nuclear structure measured at 75 K 

resulted in the unit cell parameters a = 4.0209(1) Å and c = 10.1252(5) Å and the composition of 

PrCo1.8As2 (Figure A.7). The non-polarized neutron data cannot detect the small moment from 

Co FM ordering, which is expected from magnetic data. Therefore, a FM phase was added with a 

fixed moment of 0.32 μB per Co atom (Figure 3.19a), which is the approximate value evaluated 

from magnetizaton measurements for the initial ordering of Co moments at 100 K.   

In comparison to the data collected at 75 K, the intensities of (101) and (110) peaks 

increase at 1.5 K (Figure 3.17). The intensity of (101) peak is increased due to Pr FM ordering, 

while both Pr and Co FM ordering contributes to the (110) peak intensity as was discussed 

above. In addition, a small new peak appeared at 35°, which was indexed with the propagation 

vector k = (1,0,0), thus being produced by the ordering of Pr moments. To confirm the existence 

of this new (100) magnetic peak, we also carried out a single crystal netron diffraction 

experiment. A plate-like crystal (~1.2×1.2×0.5 mm3) was used to collect diffraction data at 75 



42 

and 5 K. The intensity of (110) and (101) peaks was also measured as a function of temperature 

to determine the TC value.   

  

 

Figure 3.17  Rietveld refinement of non-polarized powder neutron diffraction data for 
PrCo1.8As2  at 1.5 K (a) and comparison of patterns obtained at 1.5 and 75 K (b). 
 

 

Figure 3.18  Temperature dependence of intensity of (a) (110) and (b) (101) reflections. 
 

Since (110) and (101) are also nuclear peaks, the evolution of intensity is not very 

obvious. The (110) intensity starts to increase around 175 K, which can be attributed to FM 

ordering of Co moments, and another upturn in the intensity takes place near 25 K due to FM 

ordering of Pr moments (Figure 3.18a). The (101) peak shows the increase in intensity only at 25 

K. Since the contribution to this reflection comes only from the ordering in the Pr sublattice, this 

finding confirms that the Pr moments start ordering at 25 K (Figure 3.18b). Thus, both Pr and Co 

moments order FM at 5 K. The magnetic structure refinement showed that the Pr and Co 

moments couple AFM to each other (Figure 3.19b), with (Pr) = 0.84(9) B and (Co) = 0.48(9) 

B. The Pr moment is much smaller than its theoretically expected value (3.2 B) and the total 
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moment per formula unit (f.u.) is close to zero, which is in agreement with the observations 

made from magnetic measurements (Figure 3.10a).  

 

 

Figure 3.19  Magnetic structures of PrCo1.8As2 at 75 K (a), 5 K (b), and 1.5 K (c). 
 

 
Figure 3.20  Temperature dependence of intergrated intensity of (100) reflection. 

 
The (100) peak observed in the powder neutron diffraction pattern at 1.5 K was not 

observed in the single crystal experiment at 5 K. This peak might be related to the feature 

observed in the magnetic data at 6 K. We could not, however, achieve temperatures below 5 K in 

the single-crystal neutron diffraction experiment to probe the possible formation of another 

magnetic phase. To resolve this issue, we measured the single-crystal diffraction intensities using 

the HB-3 Triple-Axis Spectrometer, which is allowed to attain the temperature of 1.5 K. Indeed, 

we observed that the integrated intensity of (100) peak gradually increased below 5.5 K and 

reached a plateau below 4.5 K (Figure 3.20). The (100) peak violates the body-centered 

symmetry of the structure. Since this peak is attributed to the Pr moments, the values of magnetic 

moments of Pr atoms at (0,0,0) and (½,½,½) should be different. Using this condition, the 
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refinement of powder diffraction data obtained at 1.5 K lead to the magnetic structure shown in 

Figure 3.19c, with (Pr)(0,0,0) = 2.61(6) B, (Pr)(0,0,0) = 0.59(6) B, and (Co) = 0.34(4) B.  

  To elucidate the stepwise transitions observed in the field-dependent magnetization 

data, we collected neutron powder diffraction patterns under applied magnetic field. In 

comparison to the pattern obtained in zero magnetic field, the pattern at 2.5 T showed increased 

intensities of (101) and (110) peaks (Figure 3.21). The the intensity of (100) peak decreased 

which can be considered a background feature, because tthe field-dependence single-crystal 

measurement indicated the (100) peak to disappear at 2.5 T. This means the discrepancy between 

(Pr)(0,0,0) and (Pr)(0.5,0.5,0.5) vanishes. The the pattern obtained at 2.5 T can be fitted well with 

FM ordering of Pr and Co magnetic moments, which couples AFM (Figure 3.22b). The magnetic 

moment values of (Pr)(0,0,0) = (Pr)(0,0,0) = 2.09(3) B, and (Co) = 0.42(2) B. The Co moments 

at 0 T and 2.5 T are similar, which means the first magnetization jump observed in the field-

dependent magnetization curve corresponds to the increase in the Pr moments and the 

disapperance of differcence between (Pr)(0,0,0) and (Pr)(0.5,0.5,0.5).    

 

 

Figure 3.21 Rietveld refinement of non-polarized powder neutron diffraction pattern for 
PrCo1.8As2  at 1.5 K and 2.5 T.  
 

   When the field was increased up to 7 T, strong preferred orientation was observed as 

judged by a pronounced growth of (hk0) peaks (Figure A.7). Acoording to field dependence 

single-crystal measurement,  the (100) peak disappears at 7 T (Figure A.8). Thus, the refinement 

of the 7-T data shows FM ordering of Pr and Co moments along the c  axis (Figure 3.22c). Thus, 
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the second magnetization increase corresponds to the Co moments being flipped to allign FM 

with the Pr moments. The refined moments are (Pr) = 2.8(3) B and (Co) = 0.3(1) B, yielding 

the total moment of 3.4(3)μB per f.u., which matches the maximum magnetization value obtained 

from the field dependent magnezation curve at 1.8 K (Figure 3.9b).  

 

 

Figure 3.22  Magnetic structures of PrCo1.8As2 at 1.5 K and 0 T(a), 2.5 T(b) and 7 T(c). 
 

3.2.5 Solid State NMR Spectroscopy 
 

NMR spectroscopy experiments were carried out on a polycrystalline sample of 

La0.97Bi0.03Co1.9As2. There are three NMR active nuclei in this material: 59Co, 75As, and 139La. In 

addition to these intrinsic isotopes, we observed extrinsic NMR signals which were introduced 

due to the experimental set up, i.e., 1H from paraffin, 19F from the Teflon sample holder, and 
63,65Cu from the copper coil of the tank circuit. Field-sweep NMR spectra measured at a fixed 

frequency of 44.1 MHz for different temperatures are shown in Figure 3.23. As the temperature 

is lowered, the spectra are becoming more complex, and the one at 4.5 K demonstrates a 

complicated shape with several broad lines in the entire magnetic field range available (0-9.4 T). 

In order to assign these lines properly, we measured isothermal field-sweep NMR spectra at 4.7 

K at various fixed frequencies (Figure 3.24a). The field positions of characteristic resonance 

lines are labeled A-E in Figures 3.23 and 3.24a and are plotted as a function of frequency in 

Figure 3.24b, following the approach reported earlier.73 In this figure, we also plot solid lines 

which give the linear relation H() = (/2)–1, according to the free Larmor precessions of the 
59Co (/2 = 10.05 MHz/T), 75As (/2 = 7.29 MHz/T), and 139La (/2 = 5.62 MHz/T) nuclei. 
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Figure 3.23 NMR spectra of La0.97Bi0.03Co1.9As2 measured at 44.1 MHz for different 
temperatures. The positions of the free Larmor precessions of all nuclei under investigation are 
shown by short vertical lines. Extrinsic signals 1H, 19F, and 65,63Cu are due to the experimental 
set up. 

 

An analysis of the frequency dependence of resonance fields reveals that lines B and D 

belong to minor impurity phases. Thus, one can easily assign the intensive and narrow line B to 
59Co nuclei in the diamagnetic cubic impurity phase (exactly observed at the position of the free 

Larmor precession, /2 = 10.05 MHz/T, without any shift or quadrupole splitting). The very 

small line D originates from 139La nuclei of some La-containing impurity. The corresponding 

linear dependences are shown in Figure 3.24b with dashed red (B, 59Co) and magenta (D, 139La) 

lines. The minor impurity might be the cubic LaCoO3 phase, but its amount was below the 

detection limit of powder X-ray diffraction. 

The other three lines, A, C, and E, can be assigned to the major phase, 

La0.97Bi0.03Co1.9As2, as their positions and intensities change significantly as the temperature is 

increased above the Curie point, TC = 178 K. Thus, the high-field line E shifts to lower fields, 

towards the 139La Larmor field value, with increasing temperatures above 150 K (cf. Figure 

3.23). The best fit of the H vs.  data for this signal is shown with the solid black line (Figure 

3.24b), which gives the linear coefficient of 0.175(4) T/MHz, close to (139/2)–1 = 0.166 

T/MHz. From the intercept of this linear fit with the resonance field axis (black circle) one 
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obtains the value of the hyperfine field at the La site in La0.97Bi0.03Co1.9As2 to be Hhf(La) = 2.6(1) 

T. 

 

 

Figure 3.24 (a) NMR spectra of La0.97Bi0.03Co1.9As2 measured at different frequencies at 4.7 K. 
(b) Frequency dependence of the resonance field H for lines A-E shown in the spectra of the 
panel (a). Linear relations H() = (/2)–1 due to the free Larmor precession are plotted for the 
59Co (solid green and dashed red lines), 139La (solid black and dashed magenta lines), and 75As 
(solid blue line) nuclei. The linear fits for the intrinsic signals of the La0.97Bi0.03Co1.9As2 phase 
and for the signals of impurity phases are shown with solid and dashed lines, respectively. 
 

With increasing temperature, the broad line C also shifts to lower fields, towards the 59Co 

Larmor field value, and merges with the 59Co line B from the impurity phase for T > 170 K 

(Figure 3.23), resulting in the solitary, asymmetric line observed at the 59Co Larmor field for 210 

K. Such temperature behavior of the chemical shift unambiguously proves that the line C 

originates from 59Co nuclei. Therefore, the H vs.  data for this signal were fitted to the linear 

function, H = a + b (solid green line in Figure 3.24b), with the coefficient a = (59/2)–1 = 

0.0995 T/MHz. The best-fit constant term b gives the value of the hyperfine field at the Co site in 

La0.97Bi0.03Co1.9As2 to be b = Hhf(Co) = 1.3(1) T. This value of the hyperfine field Hhf occurs to 

be very small, in comparison to that at the La site. Probably, this line represents not all Co atoms 

but only those nearest to the Bi defects at the La sites, where the hyperfine field is strongly 

reduced due to the high diamagnetism of the Bi atoms. This assumption is strongly corroborated 

by the fact that our 59Co spectral lines in La0.97Bi0.03Co1.9As2  exhibit no splitting in central and 

satellite contributions due to the interaction of the nuclear electric quadruple moment with the 

surrounding electrical field gradient (EFG). In general, the ThCr2Si2-type structures exhibit an 

appreciable EFG with axial symmetry along the crystallographic c-axis  at the transition metal 
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site,74 but a distortion of the local EFG due to Bi defects at the La sites yields a collapse of the 

spectral pattern with distinct central and satellite contributions into one, solitary broad single line 

as we observe for the Co site. 

 

 

Figure 3.25 Zero-field NMR spectrum of La0.97Bi0.03Co1.9As2 measured at 15 K. 
 

To validate this assignment and for better understanding of the low-temperature magnetic 

structure of La0.97Bi0.03Co1.9As2, we performed zero-field NMR measurements at 15 K sweeping 

the irradiation frequency, , step-by-step. Although the spectrum is rather broad and 

complicated, it contains two distinct lines (Figure 3.25). The left narrow peak corresponds to the 
139La zero-field NMR signal originating from the non-disturbed by Bi defects La sites with 

nearly zero electric field gradient (EFG). Taking into account the Larmor precession of the 139La 

nucleus (/2 = 5.62 MHz/T), the position of this peak provides an estimate of the local field at 

the La site to be 2.59(2) T. This value is in a very good agreement with the value of the hyperfine 

field Hhf(La) estimated from the line E in the H vs.  diagram (shown as black circle in Figure 

3.24b). 

Finally, the position of the broad NMR peak at ~43.2 MHz (Figure 3.25) coincides well 

with the low-field line A in the H vs.  diagram (Figure 3.24b, cyan circle). This line shows an 

opposite frequency dependence with the absolute value of the linear coefficient equal to 0.139(6) 

T/MHz, which is in perfect agreement with the value of inverse Larmor precession expected for 
75As: (75/2)–1 = 0.137 T/MHz. From the peak frequency of 43.2(1) MHz one estimates the 

value of the hyperfine field to be Hhf(As) = 5.92 T. 

Actually, in the zero-field NMR spectrum the spin-echo intensity was observed in the 

entire frequency range of 13-65 MHz (Figure 3.25). This might be due to the wide distribution of 
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local magnetic fields and EFGs on the Co and As sites in the vicinity of Bi defects. Overall, we 

observed very complicated field-sweep NMR spectra and the broad zero-field NMR spectrum for 

La0.97Bi0.03Co1.9As2 at low temperatures. The values of the local magnetic fields of 2.59(2) T and 

5.92(1) T on 139La and 75As nuclei, respectively, were determined in the magnetically ordered 

state. A strong reduction of the local magnetic field on 59Co nuclei in the vicinity of Bi defects 

was observed. 

 

3.2.6 Electronic Structure 
 

Non-polarized electronic band structures of LaCo2As2 and PrCo2As2 were calculated 

using the LMTO approach to elucidate the origin of magnetic ordering. The calculations were 

performed on idealized crystal structures, without inclusion of Bi defect sites or Co vacancies. 

The nonmagnetic calculations revealed a very strong peak in the density of states (DOS) at the 

Fermi level, mainly arising from the contribution of the Co 3d orbitals (Figure 3.26, top). 

Approximating the Co-Co exchange interaction (J) by the value reported for the free Co metal,75 

we find that the value of DOS at the Fermi level, n(EF), allows the satisfaction of the Stoner 

criterion for itinerant ferromagnetism, J·n(EF) > 1.6 The results of DFT calculations lead to 

J·n(EF) of 2.1 and 2.0 for LaCo2As2 and PrCo2As2, respectively. A criterion proposed by 

Dronskowski suggests the need for strong antibonding interactions at the Fermi level as the 

driving force for the FM ordering.7a Indeed, the crystals orbital Hamilton population (COHP) 

analysis of the Co-Co bonding in LaCo2As2 and PrCo2As2 reveals the strong antibonding 

character of Co-Co interactions in the Co-As layer (Figure 3.26, bottom), thus satisfying the 

Dronskowski’s criterion and supporting the FM  ordering observed experimentally. 

The spin-polarized band structure calculations were performed on the idealized structures 

of LaCo2As2 and PrCo2As2 using the FPLO code. The strong polarization of the Co 3d subband 

(Figure 3.27) is consistent with the itinerant FM ordering. The calculations resulted in the 

expected magnetic moment of 0.75 µB per Co atom in on LaCo2As2, which is in reasonable 

agreement with the measured value of 0.59 µB at 1.8 K. For PrCo2As2, the calculation was based 

on a FiM ground state model in which the Pr and Co moments were set antiparallel to each other. 

The calculated magnetic moment of Pr (2.1 µB) was lower than the theoretically expected value 

(3.2 µB), while the calculated Co moment (0.75 µB) was higher than the value obtained from the 

field-dependent magnetization at 30 K (0.37 µB). This discrepancy suggests that our calculations 
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might have certain shortcomings, especially with regard to the treatment of 4f magnetism for the 

Pr3+ ions with the strong spin-orbit coupling, as well as that the real magnetic structure might be 

more complicated than the simple FiM model. One also should keep in mind that the calculations 

were performed for the idealized structures of LaCo2As2 and PrCo2As2, but the presence of Co 

vacancies, undoubtedly, influences the crystal orbital populations and the spin polarization at EF. 

 

 

Figure 3.26 Density of states (DOS, top) and Co-Co crystal orbital Hamilton population (COHP, 
bottom) plots for LaCo2As2 (left) and PrCo2As2 (right). The individual contribution of each 
element to the total DOS is shown. The contribution from the Co 3d orbitals is emphasized with 
red shading. The positive and negative values of –COHP indicate the bonding and antibonding 
Co-Co interactions, respectively. 

 

 

Figure 3.27 Spin-polarized density of states for LaCo2As2 (left) and PrCo2As2 (right). The red-
shaded area indicates the contribution of the Co 3d orbitals. 
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3.3 Conclusion 
 

The work described in this chapter establishes Bi flux as an effective reaction medium for 

the synthesis of ternary arsenides, RCo2As2 (R = La-Nd). The X-ray crystal structure 

determination revealed the formation of Co vacancies in all these materials, as well as the 

incorporation of Bi defects into the structures of La- and Ce-containing phases, leading to the 

general formula R1–xBixCo2–As2. The formation of Co vacancies was also confirmed by EDX 

microanalysis and Rietveld structural refinement from neutron powder diffraction data. The 

NMR spectroscopy performed on La0.97Bi0.03Co1.9As2 provides the values of the local magnetic 

fields of 2.59(2) T and 5.92(1) T on the 139La and 75As nuclei, respectively, in the magnetically 

ordered state. We also observed a strong reduction of the local magnetic field on the 59Co nuclei 

in the vicinity of Bi defects. 

All compounds exhibit FM ordering of Co magnetic moments at higher temperature. 

Magnetic studies on single crystals show that the Co moments align along the tetragonal c axis. 

At lower temperatures, Ce magnetic moments order parallelly to the Co moments, which is 

confirmed by polarized neutron diffraction. The Pr- and Nd-containing samples exhibit FiM 

ground states due to antiparallel coupling between the 3d and 4f moments.  The field-dependent 

magnetization measurements at 1.8 K revealed two consecutive metamagnetic transitions. 

Powder and single crystal neutron diffraction measurements of PrCo1.8As2 revealed the FiM 

magnetic structure at 5 K. At 1.8 K, however, Pr moments tend to order AFM and cause the 

(Pr)(0,0,0) and (Pr)(0.5,0.5,0.5) carry different magnetic moments. The discrepancy between 

(Pr)(0,0,0) and (Pr)(0.5,0.5,0.5) disappears as the applied magnetic field causes the first 

metamagnetic transition. The second metamagnetic transition corresponds to the flip of Co spins 

which become aligned FM with respect to the Pr moments. 

We note that the magnetic behavior of RCo2As2 is quite different from that established 

for the isostructural phosphides, RCo2P2. All the RCo2As2 materials exhibit FM ordering of Co 

3d moments along the c axis, while among the corresponding phosphides only LaCo2P2 shows 

FM ordering of Co moments, which are aligned parallel to the ab plane. All the other RCo2P2 

phases exhibit AFM ordering in the Co sublattice near or above the room temperature and AFM 

ordering in the R sublattice below 20 K.20 Thus, the 3d and 4f magnetic orderings are 

“decoupled” in RCo2P2 because of the cancellation of Co moments at rather high temperatures. 

In contrast, the FM ordering of Co moments in RCo2As2 allows the observation of the 3d-4f 
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coupling effects in these materials. Especially interesting is the fact that this 3d-4f exchange is 

AFM in nature, resulting in FiM ground states for R = Pr and Nd. This situation is in drastic 

contrast to the well-established properties of related layered binary structures, RCo2, in which the 

3d and 4f moments are always coupled FM for the lighter lanthanides.10 Therefore, our findings 

indicate that the non-metal atoms should play a significant role in defining the character of 

magnetic exchange interactions in RCo2As2. The disctinctly different behavior observed for R = 

Ce, i.e. the FM coupling between the Ce and Co magnetic moments, might be related to the 

intermediate-valence behavior of Ce, which requires further investigation. Undoubtedly, further 

experimental and theoretical studies are required to better understand the nature and mechanisms 

of the magnetic phase transitions observed in these materials. 
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CHAPTER 4 

 

FERROMAGNETISM BEHAVOR DRIVEN BY PHYSICAL OR 

CHEMCIAL PRESSURE IN ACO2AS2 (A = Eu, CA) 
 

 
4.1 Introduction 

 

Itinerant magnets represent a peculiar class of materials that exhibit strong correlations 

between their electronic structure and magnetic properties. As a result, the magnetic behavior of 

itinerant systems can be very sensitive to electronic doping caused by chemical substitution, 

applied pressure, or magnetic field, even if such perturbations are small. In particular, as relevant 

to the present work, minor perturbations in ThCr2Si2-type intermetallics have been shown to 

induce superconductivity,76 quantum phase transitions,77 metal-insulator transitions,78 

ferromagnetic semiconductivity,79 etc. Surprisingly, however, the potential to use chemical 

changes to modify and control the properties of itinerant magnets remains underexplored, despite 

the increasing interest to their “chemically sensitive” magnetic behavior, which offers a rich 

chemistry playground.80 

One of the most fascinating changes in the magnetic properties of itinerant systems was 

reported by Jeitschko and co-workers for EuCo2P2. This material exhibits a pressure-induced 

first-order phase transition which involves a structural collapse associated with the valence 

change of Eu from +2 to +3 and a simultaneous change in the magnetic behavior.32, 33 The 

ambient, low-pressure (LP) form of EuCo2P2 contains Eu2+ ions and shows AFM ordering of 4f 

moments at TN
Eu = 66 K, while Co moments are not involved in the magnetic ordering. Above 

3.1 GPa, however, the change in the Eu oxidation state from +2 to +3 leads to the emergence of 

itinerant 3d magnetism in the Co sublattice of the high-pressure (HP) form, which orders AFM at 

TN
Co = 260 K. 

A related isostructural compound EuCo2As2 also exhibits AFM ordering of Eu2+ 4f 

moments at TN
Eu ~ 40 K at ambient pressure.29 A recent report revealed a second-order structural 

collapse in this material.43 While the pressure-induced changes to magnetic properties were not 

reported, we hypothesized that EuCo2As2 might also exhibit pressure-induced valence change 

toward Eu3+, which would lead to itinerant magnetism. Moreover, we might expect the ordering 
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to be FM, given our recent report of ferromagnetism in LP-RCo2As2 (R = La, Ce, Pr, Nd) that 

contain R3+ ions.81 

Herein we report a remarkable emergence of itinerant 3d ferromagnetism in EuCo2As2 

under the unifying effect of physical pressure, chemical compression, and aliovalent (non-

isoelectronic) substitution. The pressure-induced FM ordering in EuCo2As2 is conclusively 

shown by X-ray absorption near-edge structure (XANES) and X-ray magnetic circular dichroism 

(XMCD) spectroscopy and supported by the band structure calculations. In striking contrast to 

HP-EuCo2P2, which contains mainly Eu3+ ions, HP-EuCo2As2 exhibits the stabilization of a 

mixed-valent Eu2.25+ state that persists even in the collapsed structure up to 12.6 GPa, the 

maximum pressure achieved in our experiments. Furthermore, we demonstrate the generality of 

this phenomenon in the present system by inducing valence changes via chemical compression in 

Ca0.9Eu0.1Co1.91As2 and via direct electron doping in Ca0.85La0.15Co1.89As2. In all instances, the 

mixed valence achieved in the electropositive metal site perturbs the electronic band structure 

and 3d band population, causing FM ordering of Co moments. 

 
4.2 Results and Discussion 

 
4.2.1 Synthesis & Crystal Structure 
 

As shown in our previous work, reactions in Bi flux provide an effective method for the 

preparation of phase-pure ternary arsenides and the growth of representative single crystals.30,81 

Using this approach, the polycrystalline and single crystal samples of EuCo2As2, 

Ca0.9Eu0.1Co1.91As2, and Ca0.85La0.15Co1.89As2 were obtained by annealing a mixture of elements 

in Bi flux at 1223 K. The flux was subsequently removed by washing with a mixture of H2O2 

and glacial CH3COOH. For the purpose of comparing the structures of Ca0.9Eu0.1Co1.91As2 and 

Ca0.85La0.15Co1.89As2 with that of the parent compound, we also prepared CaCo1.87As2  in the 

similar fashion. The phase purity of products obtained was confirmed by powder X-ray 

diffraction. 

Based on single crystal X-ray diffraction data, the crystal structures were solved in the 

I4/mmm space group, with all compounds being of the ThCr2Si2 structure type (Table B.1). The 

refinement of the single-crystal compositions led to the Ca/Eu and Ca/La ratios that were in good 

agreement with the results of EDX analysis and also close to the nominal compositions (Table 

1). The crystal structure refinements also revealed vacancies in the Co sites for all but the 
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EuCo2As2 structure. The presence of vacancies in CaCo2As2 was also confirmed by the Rietveld 

refinement of neutron powder diffraction data that resulted in the composition CaCo1.87As2 

(Figure B.1). These findings are in agreement with the observation of Co vacancies both in 

CaCo1.86As2 obtained via Sn-flux method82 and in RCo2–As2 (R = La-Nd) prepared in Bi flux or 

by solid-state reactions.30, 81, 83 The full occupancy of the Co site in the crystal structure of 

EuCo2As2 also agrees with the previous report.29 

 

 

Figure 4.1  Crystal structure of ACo2As2 (A = Ca, Eu). Color scheme: A = green, Co = magenta, 
As = yellow. 

 
Table 4.1 Interatomic distances in the crystal structures of EuCo2As2, CaCo1.87As2, 
Ca0.9Eu0.1Co1.91As2, and Ca0.85La0.15Co1.89As2. 

Compound Co-Co, Å Co-As, Å As-As, Å 

EuCo2As2 2.7782(9) 2.3441(7) 3.198(2) 

CaCo1.87As2 2.8233(1) 2.3351(2) 2.7342(9) 

Ca0.9Eu0.1Co1.91As2 2.8274(1) 2.3390(2) 2.7563(8) 

Ca0.85La0.15Co1.89As2 2.8297(1) 2.3372(4) 2.771(1) 
 

The structures are built of [Co2As2] layers that alternate along the c axis with layers of 

electropositive atoms (Figure 4.1). In all structures, the [Co2As2] layer is held together by Co-As 

bonds at ~2.34 Å (Table 4.1). The Co-Co intralayer distance, which is related to the unit cell 

parameter, dCo-Co = a/ 2 , varies from 2.8233(1) Å in CaCo1.87As2 to 2.7782(9) Å in EuCo2As2. 

Since the ionic radius of Eu2+(1.25 Å) is substantially larger than that of Ca2+ (1.12 Å), the As-

As distance, which defines the separation between the [Co2As2] layers along the c axis, changes 

dramatically from 2.73 Å in CaCo1.87As2 to 3.20 Å in EuCo2As2. In the structures of 

Ca0.9Eu0.1Co1.91As2 and Ca0.85La0.15Co1.89As2, both the Co-Co and As-As distances increase 
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slightly compared to that of CaCo1.87As2, confirming the successful substitution of Eu or La for 

Ca atoms. 

 

4.2.2 LP-EuCo2As2: Magnetic Structure  
 

A large plate-like crystal (2×2×0.2 mm3) was used for magnetic susceptibility and 

neutron diffraction studies on EuCo2As2 at ambient pressure. The temperature dependence of 

magnetic susceptibility () confirms the AFM ordering of Eu2+ 4f moments in the ab plane with 

TN = 47 K (Figure 4.2a), which agrees with the previous reports.29 Fitting the high-temperature 

dependence of 1/ to the Curie-Weiss law resulted in a positive Weiss constant of  = 20 K, 

which indicates FM nearest-neighbor interactions. 

 

 

Figure 4.2 (a) Temperature dependence of field-cooled magnetic susceptibility measured on an 
oriented single crystal of EuCo2As2 in the applied magnetic field of 0.1 T. (b) Magnetic structure 
of EuCo2As2 (Eu = green, Co = magenta, As = yellow). (c) Integrated intensity of the (0 0 2.79) 
magnetic peak as a function of temperature. 
 

The magnetic structure of EuCo2As2 was established by single-crystal neutron 

diffraction. The magnetic structure refinement showed the presence of ordered magnetic 

moments only on Eu sites. (The moment refined on the Co site was zero within an e.s.d. of 0.2 

µB.) The 4f moments align FM in the ab plane of the tetragonal lattice, but adopt an 



57 

incommensurate AFM spiral structure with a propagation k-vector of (0,0,0.79) along the c axis 

(Figure 4.2b). The ordering temperature, determined from the dependence of integrated intensity 

of (0 0 2.79) magnetic peak (Figure 4.2c), coincided with the value of 47 K obtained from the 

susceptibility data. The refined moment for Eu was 7.26(8) µB, close to the theoretical 

expectation of 7.0 µB per Eu2+ ion. The magnetic ordering and magnetic structure of EuCo2As2 

at ambient pressure are very similar to those of EuCo2P2, which also exhibits the AFM spiral 

structure with k = (0,0,0.85).22 

 

4.2.3 EuCo2As2: XANES and XMCD Spectra 
 

The previous X-ray powder diffraction study revealed that EuCo2As2 undergoes a 

structural collapse at 4.7 GPa,43 although it is a second-order transition, not a first-order one as 

seen in EuCo2P2.
32 To study the effect of pressure on the magnetic behavior of EuCo2As2, we 

carried out Eu-L3 XANES and XMCD measurements on a polycrystalline sample that was 

ground and sieved to afford a fine powder with ~4-5 μm particle size.  

 

 

Figure 4.3. (a) Eu-L3 XANES spectra of EuCo2As2 at 300 K and variable pressure. Inset: the 
average Eu valence as a function of pressure. (b) Eu-L3 XANES spectra of EuCo2P2 at 10 K and 
variable pressure. 
 

At ambient pressure and 300 K, a single absorption peak was observed at 6.975 keV, 

corresponding to the Eu2+ state (Figure 4.3a). At 3.1 GPa, a weak peak at 6.983 keV became 

resolved, indicating the evolution of the Eu3+ state. As the pressure increased, the intensity of the 

Eu3+ peak continued to grow, with a concomitant suppression of the Eu2+ contribution. The 

intensity redistribution slowed down at higher pressure, although the concentration of Eu3+ 
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continued to increase even above 11.4 GPa. A similar behavior was observed at 4.2 K (Figure 

B.2). These observations indicate the stabilization of a mixed-valent Eu state in EuCo2As2 under 

applied pressure. Such behavior differs drastically from that of EuCo2P2, which showed a nearly 

complete conversion from the Eu2+ to the Eu3+ state as the pressure was increased (Figure 4.3b) 

The evaluation of the average Eu oxidation state from the XANES spectra revealed that 

the critical pressure for the second-order phase transition in EuCo2As2 is ~4.6 GPa (valence 

inflection point in Figure 4.3a, inset), which agrees well with the value of 4.7 GPa established by 

powder X-ray diffraction.43 The maximum oxidation state achieved at 12.6 GPa was +2.25(2). In 

contrast, EuCo2P2 exhibits a nearly pure Eu3+ state above 6 GPa (Figure 4.3b). The pressure-

induced valence change in EuCo2As2 is reversible; the Eu2+ state was restored after the pressure 

had been released. 

 

 

Figure 4.4. (a) Eu-L3 XMCD spectra of EuCo2As2 at 1.0 GPa and 7.5 GPa measured at 4.2 K and 
1 T. (b) XMCD spectra of EuCo2P2 at 0.9 GPa and 11.3 GPa measured at 10 K and 0.4 T. 

 
In order to probe the nature of magnetic ordering in the Eu sublattice, we recorded 4.2 K 

XMCD spectra at 1.0 GPa and 7.5 GPa, i.e. below and above the critical pressure for the phase 

transition observed for EuCo2As2. XMCD at Eu-L3 absorption edge is sensitive to the ordering of 

4f moments by means of intra-atomic 4f-5d exchange.84 The XMCD signal thus provides a 

measure of magnetization in the 4f sublattice. A weak XMCD signal at 1 GPa (blue curve in 

Figure 4.4a) was attributed to a small FM component which appears when the AFM ordered Eu2+ 

moments are canted by the 1 T applied magnetic field. A similar weak signal was also observed 

in the XMCD spectrum of EuCo2P2 at 0.9 GPa (Figure 4.4b, compare the scale to that in Figure 

4a). When the pressure was increased to 11.3 GPa, the XMCD peak vanished for EuCo2P2, 
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which is in agreement with the nearly complete transition to the non-magnetic Eu3+ ground state. 

For EuCo2As2, however, the amplitude of the XMCD signal increased dramatically under 7.5 

GPa (red curve). Keeping in mind that the partial (25%) Eu2+ Eu3+ transition established from 

the XANES spectra should decrease the concentration of the magnetic Eu2+ centers, the drastic 

increase in the Eu-L3 XMCD signal in HP-EuCo2As2 suggests a change in the character of the 

magnetically ordered state. 

Indeed, the field dependence of the XMCD signal amplitude of EuCo2As2 measured at 

4.2 K and 7.5 GPa reveals magnetization behavior that is indicative of a FM or ferrimagnetic 

(FiM) rather than AFM ordering (Figure 4.5a). The temperature dependence of the XMCD signal 

amplitude as order parameter measured at 7.5 GPa and 1 T also suggests FM or FiM ordering 

with TC = 125 K (Figure 4.5b). Moreover, this finding lends support to the pressure-induced 

itinerant magnetism in the Co sublattice, as will be discussed below. 

 

 

Figure 4.5. Field (a) and temperature (b) dependences of the 7.5-GPa Eu-L3 XMCD amplitude 
for EuCo2As2 measured at the temperature of 4.2 K and at the applied magnetic field of 1 T, 

respectively. 
 

It is possible that the strong XMCD at Eu L3-edge in HP-EuCo2As2 also has a 

contribution from the ordering of Co 3d moments via the Eu(5d)-Co(3d) hybridization effect.84 

Unfortunately, we could not detect a measurable XMCD signal at the Co K-edge at 7.5 GPa, 

even when the field was increased to 2 T. On the one hand, the signal might be too weak, taking 

into account that the moment per Co atom in other RCo2As2 phases is ~0.5 B
11 and that the K-

edge absorption probes the sp transitions, thus involving the 3d-electron density only 
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indirectly. On the other hand, the use of softer X-rays to probe the Co L2,3 edge is incompatible 

with the diamond-anvil cell used in the experiments under pressure. 

In EuCo2P2, the transition from the localized Eu 4f magnetism in the LP phase to the 

itinerant Co 3d magnetism in the HP phase is accompanied by the dramatic increase in TN, from 

66 K to 260 K.6 The magnetic behavior of HP-EuCo2P2 is reminiscent of that observed at 

ambient pressure for RCo2P2 materials (R = Ce, Pr, Nd), which show AFM ordering of Co 

moments above 300 K. Likewise, the ordering temperature in HP-EuCo2As2 (TC = 125 K) is 

much higher than the value of TN = 47 K for LP-EuCo2As2. Moreover, the TC falls in the range 

established for the FM ordering of Co moments in RCo2As2 materials, TC ~ 60-200 K.81 Hence, 

we believe these findings support the emergence of FM ordering in the Co sublattice of HP-

EuCo2As2.  

 

4.2.4 EuCo2As2: Electronic Structure 
 

 

Figure 4.6. Density of states (a) and Co-Co crystal orbital Hamilton population (b) of EuCo2As2 
at 0 GPa (left) and 7.5 GPa (right). The contribution from the Co 3d orbitals is red-shaded. The 
Fermi level is indicated with a dotted black line. 
 

To obtain additional support for the possibility of the pressure-induced FM ordering of 

Co 3d moments in HP-EuCo2As2, we performed electronic band structure calculations using the 
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structural parameters determined for EuCo2As2 at ambient pressure and at 7.5 GPa.43 The 

calculations were performed with the tight binding-linear muffin tin orbitals-atomic sphere 

approximation (TB-LMTO-ASA) software. A comparison of the density of states (DOS) at 

different pressures reveals a substantially stronger contribution from the Co 3d orbitals at the 

Fermi level (EF) in the HP structure (Figure 4.6a). The product of the exchange constant (JCo-

Co)
73 and the Co 3d DOS at EF (NF) increased from 0.67 at ambient pressure to 1.07 at 7.5 GPa. 

Thus, the Stoner criterion for ferromagnetism (J·NF > 1) becomes satisfied only in the HP-

EuCo2As2.
6 

It is interesting to point out that the applied pressure alters both the character of the 3d 

DOS in the vicinity of the Fermi level and the filling of the 3d states due to the pressure-induced 

Eu(4f)Co(3d) electron transfer. The latter becomes obvious from the changes observed in the 

crystal orbital Hamilton population (COHP, Figure 6b). While in the LP-EuCo2As2 structure the 

Fermi level crosses essentially non-bonding Co-Co states (COHP ~ 0), in the HP-EuCo2As2 

structure it crosses strongly antibonding states (–COHP < 0). Strong antibonding interactions in 

itinerant systems have been shown to promote magnetic ordering.7a All these findings led 

support to the hypotheses of itinerant Co 3d ferromagnetism in HP-EuCo2As2. 

 

4.2.5 Ca0.9Eu0.1Co1.91As2 
 

 

Figure 4.7. L3-Eu XANES spectrum of Ca0.9Eu0.1Co1.91As2 at 91 K.  
 

To demonstrate further the effect of mixed valence on itinerant magnetism in this family 

of structures, we used chemical compression and direct electron doping to induce mixed valence 

in the electropositive crystallographic site of CaCo1.87As2 and increase the population of the Co 
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3d subband. Magnetic measurements CaCo1.87As2 revealed AFM ordering at TN ~ 79 K under 

ambient pressure (Figure B.3), which is consistent with the behavior reported earlier.28 The ionic 

radius of Ca2+ (1.12 Å) is closer to the ionic radius of Eu3+ (1.07 Å) than to the one of Eu2+ (1.25 

Å). We have shown previously that such discrepancy in ionic radii can be used to induce a 

substantial chemical pressure on the Eu2+ site substituted into a lattice that is more appropriate to 

host Eu3+ ions.24e To this end, we synthesized Ca0.9Eu0.1Co1.91As2 and examined it with XANES 

spectroscopy. The experiment revealed the average Eu oxidation state of +2.18 (Figure 4.7), 

confirming the successful achievement of the mixed-valent state by chemical compression. 

 

 

Figure 4.8. Temperature dependence of field-cooled (FC) and zero-field-cooled (ZFC) 
magnetization at 1 mT and field dependence of magnetization at 1.8 K (inset) for 
Ca0.9Eu0.1Co1.91As2 (a) and Ca0.85La0.15Co1.89As2 (b). 
 

The compound shows FM ordering with TC = 110 K (Figure 4.8a). Given the low 

concentration of Eu sites, such ordering can only emanate from the Co sublattice. The 

theoretically expected moment from Eu2.18+ state is 0.6 B per Ca0.9Eu0.1Co1.91As2 f.u.. Hence, the 

saturation magnetization of 1.4 B at 1.8 K suggests FM coupling between Eu and Co moments, 

with the moment of 0.4 B per Co atom. This value is similar to those observed for FM ordered 

Co moments in RCo2As2.
11 The emergence of ferromagnetism in Ca0.9Eu0.1Co1.91As2 under 

ambient pressure is remarkable, given the AFM ordering in both CaCo1.87As2 and EuCo2As2 

under the same conditions, and especially the fact that only 0.018 of an electron is transferred 

from the Eu 4f states to the Co 3d subband due to the chemical compression. This finding also 

indirectly supports the possibility of FM ordering of Co moments in the HP-EuCo2As2 that 

contains mixed-valent Eu sites. 



63 

4.2.6 Ca0.85La0.15Co1.89As2 
 

To completely eliminate the influence of the Eu2+ magnetic moments and visualize the 

role of pure electron doping on the magnetic behavior of Co sublattice, we substituted 10% of 

Ca2+ ions in CaCo1.87As2 with diamagnetic La3+ (ionic radius 1.16 Å). The formula 

Ca0.85La0.15Co1.89As2, established by the X-ray crystal structure determination and EDX analysis, 

suggests 0.15 extra electrons are donated into the Co 3d subband upon the partial substitution of 

La3+ for Ca2+ ions. Ca0.85La0.15Co1.89As2 exhibits FM ordering at TC = 130 K, with the saturation 

magnetization of 0.4 B per Co atom (Figure 4.8b). Both values are in excellent agreement with 

those observed for Ca0.9Eu0.1Co1.91As2, thus confirming that it is, indeed, the electron doping into 

the Co layer that induces itinerant ferromagnetism in HP-EuCo2As2, Ca0.9Eu0.1Co1.91As2, and 

Ca0.85La0.15Co1.89As2. 

 
4.3 Conclusions 

 
In this chapter, we have investigated the valence changes and magnetic phase transitions 

in ACo2As2 (A = Eu, Ca) as influenced by physical pressure, chemical compression, and 

aliovalent substitution. All these factors induce mixed valence in the electropositive metal A-site, 

causing electron doping into the Co 3d subband. The pressure-induced structural phase transition 

in EuCo2As2 around 4.7 GPa induces mixed valence with the average oxidation state of Eu equal 

to +2.25. This change in the electronic structure breaks down the AFM ordering in the Eu 

sublattice, as both Eu (4f) and Co (3d) moments become FM ordered with TC =125 K in HP- 

EuCo2As2. While the FM ordering of Eu 4f moments was confirmed directly by XMCD 

experiment, the FM ordering of Co 3d moments was established indirectly by electronic band 

structure calculations and by investigation of Ca0.9Eu0.1Co1.91As2 and Ca0.85La0.15Co1.89As2. In the 

latter compounds, the itinerant 3d ferromagnetism in the Co sublattice is triggered by mixed 

valence of the A-site due to chemical compression and by direct electronic doping into the Co 

layer due to aliovalent substitution, respectively. 

The results presented here demonstrate the highly sensitive nature of itinerant magnetism 

in EuCo2As2 and CaCo2As2 to electronic doping effects and the unifying action of physical 

pressure, chemical compression, and aliovalent substitution on triggering the electronic doping to 

achieve dramatic changes in the magnetism of these systems.  
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CHAPTER 5 

 

MAGNETISM EVOLUTION IN CA1-XEUXCO2AS2 UNDER 

CHEMICAL COMPRESSION 
 
 

5.1 Introduction 
 

As discussed in Chapter 4, the intermetallics crystallizing in the ThCr2Si2 structure type 

can show strong response to such perturbation as physical or chemical pressure, magnetic field, 

temperature, etc., provided the Fermi level crosses a high DOS peak in the electronic structure. 

Therefore, intriguing structural and property changes can be targeted through modification of the 

layered structure.  

The extensive studies of ternary iron arsenides due to their superconducting properties 

also brought attention to the corresponding cobalt-containing analogues. ACo2As2 (A= K, Ca, Sr, 

Ba). So far, the pure phase and single crystal growth of ACo2As2 (A = K, Ca, Sr, Ba, La-Nd, Eu) 

have been reported for all these phases with the exception of KCo2As2. Their magnetic properties 

were also studied as a function of the nature of A cations. BaCo2As2 and SrCo2As2 do not exhibit 

long range magnetic ordering, although antiferromagnetic (AFM) spin fluctuations and 

ferromagnetic (FM) spin correlation were detected in SrCo2As2 by inelastic neutron scattering 

measurements and nuclear magnetic resonance, respectively.27 In contrast, CaCo2As2 displays 

AFM ordering of Co moments around 70 K.28  

For RCo2As2 (R = La-Nd), FM ordering was observed in Co sublattice with the ordering 

temperature in the range of 60-200 K, while EuCo2As2 shows AFM ordering associated with Eu 

sublattice with TN ~ 40 K.29, 81 Thus, the magnetic behavior of the Co sublattice changes 

dramatically when the oxidation state of the electropositive metal is changed from +3 (La-Nd) to 

+2 (Eu, Ca, Sr, Ba). Among the latter only the Ca-containing material showed AFM ordering of 

Co moments while all the former materials exhibit itinerant ferromagnetism due to the Co 

sublattice.  Together with the dramatic modification of magnetic properties of EuCo2As2 under 

pressure, these observations suggest that one can expect substantial changes in magnetic 

behavior if we apply chemical or physical pressure to ACo2As2 materials. Indeed, Ca1-

xSrxCo2As2 exhibits interesting magnetic phase diagram and a first order structural transition 

around 6 GPa.85  
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In Chapter 4, we investigated the pressure effect on the properties of EuCo2As2. This 

compound, similar to its Fe-containing analogue, shows low-temperature AFM ordering of Eu2+ 

moments at ambient pressure. Under high pressure, Eu ions exhibit mixed valence in both 

EuCo2As2 and EuFe2As2.
86

 However, in contrast to the superconductivity shown in EuFe2As2 

under high pressure, we observed the FM ordering in the high-pressure EuCo2As2 with TC ~ 125 

K, close to the values found for RCo2As2 (R = La-Nd). This pressure-induced change in 

magnetism is associated with the electronic structure change, since the structural collapse affects 

the DOS at Fermi level.  

Interestingly, the mixed valence of Eu and FM ordering of Co can also be achieved via 

chemical pressure. Both CaCo2As2 and EuCo2As2 exhibit AFM phase transition due to ordering 

of Co and Eu moments, respectively (Figure 5.1). However, 10% substitution of Eu for Ca 

induces mixed valence of Eu2.18+ and FM ordering of both Co and Eu moments in 

Ca0.9Eu0.1Co2As2. This effect is quite remarkable considering the very small extent of electron 

transfer from the Eu sites to the Co 3d subband (only 0.018 e– per f.u.). 

 

 

Figure 5.1 Magnetic structures of CaCo2As2 (left) and EuCo2As2 (right, only one nuclear unit 
cell shown). 

 
The substantially different magnetic behavior of Ca0.9Eu0.1Co2As2 as compared to the 

parent ternary compounds incited us to extend the study to the whole series of solid solutions of 

Ca1-xEuxCo2As2. Similar to RCo2As2 (R = La-Nd), the Ca1-xEuxCo2As2 samples were prepared 

from molten Bi flux. Reported below is the elucidation of the CaCo2As2–EuCo2As2 magnetic 

phase diagram, which demonstrates the evolution of the Co sublattice behavior from AFM 
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ordering to FM ordering to Pauli paramagnetism. XANES spectroscopy reveals the mixed 

valence state of Eu in Ca1-xEuxCo2As2, similar to the high pressure phase of EuCo2As2. Band 

structure calculations were also carried out to reveal the interplay between the crystal and 

electronic structures, the Eu oxidation state, and magnetism of Ca1-xEuxCo2As2 solid solutions. 

 
5.2 Results and Discussion   

 
5.2.1 Synthesis and Crystal Structure 
 

Synthesis. The preparation of Ca1-xEuxCo2As2 samples (x = 0-1) followed the procedure 

reported for the synthesis of RCo2As2. In contrast to the synthesis of RCo2As2, in which starting 

materials were used in the stoichiometric ratio, a 100% excess of Ca and/or Eu metal was 

required to obtain pure Ca1-xEuxCo2As2 phases. The preparation of both CaCo2As2 and EuCo2As2 

parent compounds have been reported using conventional solid state reaction and high 

temperature CoAs self-flux method. 26b, 28-29 Large CaCo2As2 crystals can be grown in Sn flux at 

1423 K using polycrystalline CaCo2As2 as seeds.28 In the present work, we obtained large plate-

like crystals (~2×2×0.4 mm3) of CaCo2As2 and EuCo2As2 in molten Bi at 1223 K. The crystals 

tend to grow larger when the Eu/Ca ratio exceeds 1. The phase purity was confirmed by powder 

X-ray diffraction. EDX analysis of single crystals revealed that the ratio of Ca:Eu was close to 

the nominal one used during the sample preparation (Table C.1). Therefore, the nominal 

composition of Ca1-xEuxCo2As2 will be used for the following discussion. 

Crystal Structure. Single crystal X-ray diffraction showed that all Ca1-xEuxCo2As2 

samples crystallized in tetragonal ThCr2Si2 structure type (space group I4/mmm, no. 139). For 

the majority of crystals, the refined Ca/Eu ratio agreed well with the nominal composition. 

Similar to the structures of RCo2As2 obtained from Bi flux and CaCo2As2 grown from Sn flux, 

the structures of Ca1-xEuxCo2As2 contain Co vacancies. The concentration of vacancies generally 

becomes smaller with increasing Eu content and eventually vanishes in EuCo2As2.  

CaCo2As2 is considered a collapsed ThCr2Si2 structure type with c/a = 2.58, in contrast to 

the normal structure of EuCo2As2 (c/a = 2.93). Accordingly, the unit cell volume of CaCo2As2 (V 

= 164.42 Å3) is smaller than that of EuCo2As2 (V = 175.54 Å3). In the solid solutions Ca1-

xEuxCo2As2 (0 < x < 1), the increase in Eu content causes the decrease in the unit cell parameter 

a and increase in the unit cell parameter c (Figure 5.2). The only exception to this trend is seen in 

the structure of Ca0.9Eu0.1Co2As2, for which the parameter a is larger than that for CaCo2As2.  
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Since the absolute change in c is much larger than the change in a, the unit cell volume expands 

with increasing the Eu content.  

 

 

Figure 5.2 Unit cell parameters and volume of Ca1-xEuxCo2As2 as functions of Eu content.  
 

In the crystal structure of Ca1-xEuxCo2As2, Co atoms form a square net parallel to the 

tetragonal ab plane, while As atoms locate above and below this net occupying the special 

position (0, 0, z) (Figure 5.1). Therefore, the d(Co-Co) is proportional to a (dco-co = a/ 2 ), 

changing from 2.823 Å in CaCo2As2 to 2.778 Å in EuCo2As2. The d(As-As) depends on both the 

parameter c and the value of z-coordinate. The d(As-As) increases gradually from 2.735 Å for x 

= 0 to 3.110 Å for x = 1. These values are significantly larger than the length of a single As-As 

bond (2.43 Å), and the As-As bonding becomes weaker as the Eu content increases. The 

existence of Co vacancies in ACo2As2 structures (A = alkaline earth metals, or rare-earth metals) 

was discussed by Chen et al. and attributed to the need to maintain the charge balance, being 

dependent mainly on the charge of A site and the strength of As-As interaction.83 We will show 

below that the presence of Co vacancies has a deeper origin which can be understood from the 

electronic band structure (Section 5.25). 
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5.2.2 XANES Spectroscopy 
 

In the ambient-pressure EuCo2As2 phase, the Eu sites prefer the +2 oxidation state. Since 

the ionic radius of Ca2+ (1.12 Å) is significantly smaller than the ionic radius of Eu2+ (1.25 Å) 

and much closer to that of Eu3+ (1.07 Å), the substitution of Eu for Ca in CaCo2As2 should 

induce chemical pressure on the Eu sites, favoring the higher oxidation state. Therefore, it is 

interesting to study the oxidation state of Eu in Ca1-xEuxCo2As2. The Eu-L3 XANES spectra of all 

the samples were acquired at 300 K under ambient pressure.  

 

 

Figure 5.3 XANES spectra (a) and Eu valence (b) of Ca1-xEuxCo2As2 (0<x<1) at 300 K under 
ambient pressure.  

 
All spectra contain two absorption peaks that correspond to the Eu2+ and Eu3+ 

contributions (Figure 5.3a). The Eu2+ peak at 6.973 keV dominates the spectrum, while the 

weaker peak at 6.982 keV corresponds to the Eu3+ state.  As more Eu is substituted for Ca, the 

Eu3+ peak becomes weaker, indicating the decrease in the average valence of Eu towards the Eu2+ 

state. This is what we would expect to observe because the chemical pressure decreases as the 

amount of Eu increases in Ca1-xEuxCo2As2. It is worth noting that the oxidation state of Eu shows 

a more abrupt change at x = 0.65 (Figure 5.3b), which might be related to the change in magnetic 

properties of Ca1-xEuxCo2As2. There is a clear correlation between the average Eu oxidation state 

and the concentration of Co vacancies. As shown in Figure 5.4, at lower Eu content (0 < x ≤ 0.6) 

we observe both higher Eu oxidation state and higher concentration of Co vacancies as compared 

to the samples with the higher Eu content (0.6<x<1). We will discuss the reason for this 

correlation in Section 5.25.  
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Figure 5.4  Eu valence and Co vacancy of Ca1-xEuxCo2As2 (0<x<1) at 300 K under ambient 
pressure. 

 
The chemical-pressure induced mixed valence of Eu in Ca1-xEuxCo2As2 is similar to the 

mixed valence caused by applying physical pressure to EuCo2As2, in which the average 

oxidation state of Eu reached +2.25 at 12.6 GPa. Since the Eu valence changes gradually in 

EuCo2As2 under physical pressure, we can use its pressure dependence (Figure 4.3a, inset) as the 

calibration curve to estimate the physical equivalent of the chemical compression on the Eu site 

in Ca1-xEuxCo2As2 (0 < x < 1). As a result, we estimate that the Eu site with the oxidation state of 

+2.12 to +2.18 in Ca1-xEuxCo2As2 experiences a strong chemical pressure between 4.5 and 7.0 

GPa.  

To directly compare the valence change behavior of Eu in Ca1-xEuxCo2As2 and EuCo2As2 

under physical pressure, we also measured XANES spectra of Ca0.5Eu0.5Co2As2 under high 

pressure at 4.5 and 300 K. The average oxidation state of Eu is slightly higher at 4.5 K relative to 

that at 300 K, which is reasonable as one can expect the lattice contraction at lower temperature 

to favor the smaller-volume Eu3+ state (Figure 5.5). The Eu valence increases nearly linearly as 

the pressure is raised to 38.6 GPa, at which point it reaches the value of 2.65(1). Given the steady 

increase in the average oxidation state of Eu with increasing pressure, further investigation of 

magnetic properties of Ca0.5Eu0.5Co2As2 under pressure represents great interest and will be 

pursued in our future studies. 
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Figure 5.5 XANES spectra of Ca0.5Eu0.5Co2As2 as a function of pressure at 4.5 and 300 K. 
 

5.2.3 Magnetic Properties 
 

Table 5.1  Magnetic properties of Ca1-xEuxCo2As2. 

x 
TC

Co 

K 

TC
Eu 

K 

TN
Eu 

K 

Mmax 

100 K 

B/f.u. 

Mmax 

50 K 

B/f.u. 

Mmax 

25 K 

B/f.u. 

Mmax 

1.8 K 

B/f.u. 

∆Mmax
a 

B/f.u. 

Mtheo(Eu)b 

B/f.u. 

0.1 110 25 - 0.81c 1.05 1.27 1.40 0.59 0.58 

0.3 135 38 - 1.09 1.87 2.40 2.87 1.78 1.74 

0.4 150 50 - 1.45 2.47 3.20 3.84 2.39 2.33 

0.5 128 50 - 1.64 2.86 3.73 4.43 2.79 2.91 

0.6 93 51 - 2.05d 3.20 4.31 4.99 2.94 3.47 

0.65 - - 30 - - - - - 3.92 

0.7 - - 32 - - - - - 4.19 

0.9 - - 38 - - - - - 5.5 
a The ∆Mmax is the difference between Mmax

100K and Mmax
1.8K. b 

Mtheo(Eu) was calculated based on 
the oxidation state Euy+, using the equation Mtheo(Eu) = 7 × x × (3–y). c This value was obtained 
at 80 K instead of 100 K. d This value was obtained at 75 K instead of 100 K. 
 

The magnetic properties of all Ca1-xEuxCo2As2 polycrystalline samples are summarized in 

Table 5.1, and a magnetic phase diagram is drawn to help the following discussion of the 

evolution of magnetic properties in the Ca1-xEuxCo2As2 series (Figure 5.6). We found that 

CaCo2As2 orders AFM at 79 K, which agrees well with the literature report.28 A neutron 
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diffraction study on CaCo2As2 established its magnetic structure with FM arrangement of Co 

spins along the c axis of the tetragonal lattice within each [Co2As2] layer, but AFM coupling 

between Co spins of adjacent layers. EuCo2As2 also shows AFM ordering of Eu2+ moments 

below 47 K, but the Co sublattice does not exhibit magnetic ordering. Our single crystal neutron 

diffraction studies described in Chapter 4 revealed that Eu moments align FM in the ab plane, 

but exhibit an incommensurate AFM spiral structure along the c axis (Figure 4.2).  

 

 

Figure 5.6 Magnetic phase diagram of Ca1-xEuxCo2As2 as a function of temperature and Eu 
content. 

 
Ca1-xEuxCo2As2 (x = 0.1, 0.3, 0.4). The magnetic properties of these samples were 

measured on polycrystalline samples. In contrast to the AFM ordering in CaCo2As2 and 

EuCo2As2, temperature dependence and field magnetization measurements indicate the FM 

ordering in Ca0.9Eu0.1Co2As2 (Figure 5.7a,d). As mentioned above, the valence of Eu changes to 

+2.18 under chemical pressure in Ca0.9Eu0.1Co2As2. The small electron density (0.018 e-/f.u.) 

transfer from the Eu 4f states to the Co 3d band is sufficient to trigger itinerant ferromagnetism 

in the Co sublattice. Indeed, the relatively high FM transition temperature of 110 K can be only 

attributed to the ordering of Co moments, considering the low concentration of Eu sites in the 

structure of Ca0.9Eu0.1Co2As2. (The ordering temperature was determined as the T-axis intercept 

obtained by extrapolating the FC curve.) 

The FM ordering of Co moments is also confirmed by the maximum magnetization 

values (Mmax) of 0.81 B per f.u. at 80 K, which is close to those observed for the FM ordered Co 

moments in RCo2As2. The divergence between the ZFC and FC magnetization curves indicates 
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magnetic anisotropy in the Co sublattice. The FC magnetic susceptibility increases as 

temperature deceases, and the kink observed at 25 K is attributed to the ordering of Eu moments. 

This assumption also agrees with the increase in the Mmax from 0.81 B at 80 K to 1.40 B at 1.8 

K, the difference being in good agreement with the theoretically expected contribution from the 

Eu2.18+ state (0.58 B). The fast saturation of magnetization measured at 1.8 K suggests the FM 

coupling between Co and Eu moments. 

 

 

Figure 5.7 Temperature dependence of field-cooled (FC) and zero-field-cooled (ZFC) 
magnetization at 1 mT (a–c) and isothermal field dependence of magnetization (d–f) for Ca1-

xEuxCo2As2 (x = 0.1, 0.3, 0.4). 
 

Similar to Ca0.9Eu0.1Co2As2, both Ca0.7Eu0.3Co2As2 and Ca0.6Eu0.4Co2As2 show FM 

ordering at 135 K and 141 K, respectively (Figures 5.7b-f). With higher Eu concentration, more 

electrons are transferred to the Co sublattice, which might explain the slightly increase in the 

ordering temperature.  Similar to the low temperature behavior of Ca0.9Eu0.1Co2As2, an obvious 

increase in magnetic susceptibility occurs in Ca0.7Eu0.3Co2As2 and Ca0.6Eu0.4Co2As2 around 38 K 

and 50 K, respectively, which can be ascribed to the ordering of Eu moments. The magnetization 

measurements of Ca0.7Eu0.3Co2As2 were conducted at 100, 50, 25, and 1.8 K, revealing the 

maximum magnetization values of 1.09, 1.87, 2.40, and 2.87 B per f.u. at 7 T, respectively 

(Figure 5.7e). These magnetization values suggest FM coupling between Eu and Co moments at 
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1.8 K. Indeed, the theoretical moment of Eu2.17+ state in Ca0.7Eu0.3Co2As2  (1.74 B) is close to 

the difference of Mmax obtained at 100 and 1.8 K (2.87 B – 1.09 B = 1.78 B). The 

magnetization curves of Ca0.6Eu0.4Co2As2 followed the same trend as those of Ca0.7Eu0.3Co2As2, 

but with larger Mmax accordingly. The values of Mmax achieved at 100, 50, 25 and 1.8 K are 1.45, 

2.47, 3.20, and 3.84 B, respectively. The increase in Mmax upon going from 100 to 1.8 K (3.84 

B – 1.45 B = 2.39 B) is similar to the expected value for the Eu2.17+ state in Ca0.6Eu0.4Co2As2 

(2.32 B), confirming the FM coupling between Eu and Co moments in this material.  

Ca1-xEuxCo2As2 (x = 0.5). The magnetic behavior measured on polycrystalline sample 

with x = 0.5 is similar to that observed for the samples with x = 0.1, 0.3, 0.4, with FM ordering 

temperature of Co and Eu sublattices at 128 K and 50 K, respectively (Figures 5.8a-c).   

 

 

Figure 5.8 Magnetic measurements on polycrystalline sample (a, b) and an oriented single 
crystal (c-f) of Ca0.5Eu0.5Co2As2. Temperature dependence of FC-ZFC magnetization at 1 mT 
(a); isothermal field dependence of magnetization at various temperatures (b); hysteresis loop 
with applied field parallel to the c axis (c); temperature dependence of FC magnetic 
susceptibility with the applied field of 1 mT parallel and perpendicular to the c axis (d); 
isothermal field dependences of magnetization at 1.8, 25, 50, 80, and 100 K with the applied 
field parallel (e) and perpendicular (f) to the c axis. 
 

To investigate the magnetic anisotropy of Co and Eu sublattices in Ca0.5Eu0.5Co2As2, we 

carried out magnetic measurements on an oriented single crystal with the magnetic field (H = 1 
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mT) applied parallel and perpendicular to the tetragonal c axis. The hysteresis loop measured at 

1.8 K with H‖c shows no coercivity, indicating this to be a soft magnet. The FM transition 

obtained on the single crystal is sharper than that measured on polycrystalline sample and the 

ordering temperature is determined to be 119 K. As shown in Figure 5.8d, both Co and Eu 

sublattices show preferred orientation along the tetragonal c axis upon application of magnetic 

field. This is also confirmed by isothermal magnetization curves measured at 100, 80, 50, 25, and 

1.8 K, as the magnetization saturates at lower field with H‖c compared to that with H‖ab. The 

saturation of magnetization at 1.8 K is reached at 0.60 T with H‖c and at 1.80 T at 1.8 K with 

H‖ab. Similar to Ca1-xEuxCo2As2 (x = 0.1, 0.3, 0.4), the Co and Eu moments appear to be FM 

coupled. We will discuss this issue in detail in the neutron diffraction section. 

Ca1-xEuxCo2As2 (x = 0.6). When the substitution of Eu for Ca reaches 60%, the oxidation 

state of Eu (+2.17) still remains about the same as  that observed in the samples with x = 0.1 – 

0.5). Therefore, we might expect to observe similar magnetic behavior in Ca0.4Eu0.6Co2As2. 

Indeed, the ZFC-FC curves and magnetization measured at 75 K indicate the FM ordering, but 

the Co FM transition is less abrupt and the ordering temperature (TC = 93 K) is lower compared 

to those for x = 0.1 – 0.5, suggesting this might be the turning point for the evolution of magnetic 

behavior in the Ca1-xEuxCo2As2  series (Figure 5.9).  

 

  
Figure 5.9 Magnetic behavior of a polycrystalline sample of Ca0.4Eu0.6Co2As2: the temperature 
dependence of FC and ZFC magnetization at 1 mT (a) and isothermal field dependence of 
magnetization at 1.8, 10, 25, 50, and 75 K (b). 
 

The magnetization curve measured at 50 K (Figure 5.9b) exhibits a quick initial increase 

in the magnetization value, which is similar to that of Ca0.5Eu0.5Co2As2, indicating that there is 
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still a FM ordering component in the Eu sublattice. On the other hand, the maxima in the FC and 

ZFC susceptibility observed around 50 K might indicate a canted AFM arrangement of the Eu 

moments. Such behavior also correlates with the borderline behavior of structural parameters and 

Co vacancy concentration for Ca0.4Eu0.6Co2As2. The isothermal field dependence of 

magnetization measured at various temperatures supports the FM ordering in the sample, and the 

Mmax reaches 5.0 B at 1.8 K. It is also worth noting that the vacancy concentration in 

Ca0.4Eu0.6Co2As2 drops dramatically in comparison to that in Ca1-xEuxCo2As2 with x < 0.5 

(Figure 5.4).  

 

 

Figure 5.10 Magnetic measurements on an orient single crystal of Ca1-xEuxCo2As2 (x = 0.65, 
0.7) and polycrystalline sample of Ca1-xEuxCo2As2 (x = 0.9). Temperature dependence of FC 
magnetic susceptibilities with the applied field of 0.1 T (a, b, c). Field dependences of 
magnetization at 1.8 K (d, e, f). 
    

Ca1-xEuxCo2As2 (x = 0.65, 0.7, 0.9). As shown by the XANES spectroscopy (section 

5.2.2), the oxidation state of Eu decreases more abruptly when the Eu content in the Eu/Ca sites 

exceeds 60% (Figure 5.4). At this point, the vacancy concentration on Co sites also deceases to 

<2%. Magnetic properties of Ca1-xEuxCo2As2 (x = 0.65, 0.7) were measured on both 

polycrystalline samples (Figures C.1, 2) and single crystals (Figures 5.10a, b, d, e). The interplay 

between Eu concentration, Eu valence, and Co vacancy concentration causes the change in the 

type of magnetic ordering, as both samples exhibit AFM transition, similar to the parent 
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compound EuCo2As2. The temperature dependence of magnetic susceptibility with H‖c and H‖ab 

reveals that the ab plane is the easy magnetization direction, which also matches the observation 

made for EuCo2As2. Magnetic properties of Ca0.1Eu0.9Co2As2 were measured on polycrystalline 

sample because the single-crystal obtained was not sufficiently big for the measurement (Figure 

10c, f). The AFM ordering temperatures (TN) of samples with x = 0.65, 0.7, 0.9 are 30, 32, and 

38 K, respectively. The higher the Eu content, the closer is the ordering temperature to that of 

EuCo2As2. At 1.8 K, EuCo2As2 exhibits metamagnetic behavior with the critical field of 3.5 T 

with H‖ab. The same measurements performed on the samples with x = 0.65 and x = 0.7 revealed 

metamagnetism at 2.5 T with H‖c and H‖ab and at 3 T with H‖ab, respectively (Figures 5.10d, e). 

Thus, with increasing the Eu content the AFM ordered state becomes more stable, which is 

reflected in both the higher TN and the higher critical field required to convert the AFM state to 

the FM state. 

 

5.2.4 Single Crystal Neutron Diffraction 
 

Based on the magnetic properties of Ca1-xEuxCo2As2 samples, we can classify them into 

two categories, one with FM ordering (0 < x ≤ 0.6) and the other one with AFM ordering (0.65 ≤ 

x < 1). To confirm the type of magnetic ordering and the character of 3d-4f magnetic coupling 

for both groups, we carried out neutron diffraction experiments on single crystals of 

Ca0.5Eu0.5Co2As2 and Ca0.3Eu0.7Co2As2.  

Ca0.5Eu0.5Co2As2. A FM ordered structure should produce magnetic reflections at the 

same positions as nuclear reflections, revealing itself only in changing intensities of nuclear 

reflections. The neutron diffraction patterns of Ca0.5Eu0.5Co2As2 were collected at 130 and 4 K, 

revealing no any additional reflections below the magnetic ordering temperature. The intensity of 

reflections, however, increased as the temperature was lowered, supporting the FM ordering 

observed in magnetic measurements. According to the latter, the Co spins prefer to align along 

the tetragonal c axis. Therefore, one would expect the (002) intensity to remain the same and the 

(110) intensity to increase. The (002) reflection is a very weak nuclear reflection, for which we 

did not observe any measurable intensity at either 4 K or 80 K. In contrast, a strong (110) 

reflection was observed at 130, 80, and 4 K. The intensity of this reflection increased as the 

temperature was lowered (Figure 5.11a). Since the (110) reflection has magnetic contributions 

from both Co and Eu sublattices, its temperature dependence confirms two magnetic transitions 
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at 115 and 50 K, in agreement with the FM ordering of Co and Eu moments, respectively, as was 

also observed in magnetic measurements (Figure 5.11b).   

 

 

Figure 5.11 Omega scan of (110) reflection at 4, 80, and 130 K (a) and the temperature 
dependence of intensity of (110) reflection (b) of Ca0.5Eu0.5Co2As2. 
     

The FM ordering of Eu moments can also be confirmed by tracking the (101) reflection, 

which has the magnetic contribution solely from the Eu sublattice. The intensity of (101) 

reflection increased dramatically at 4 K as compared to that at 130 K and 80 K, in agreement 

with the FM ordering (Figure 5.12a). The temperature dependence of intensity of (101) reflection 

reveals the ordering temperature to be 46 K (Figure 5.12b), in good agreement with the value 

determined from magnetic measurements.  

 

 

Figure 5.12 Omega scan of (101) reflection at 4, 80, and 130 K (a) and the temperature 
dependence of intensity of (101) reflection (b) of Ca0.5Eu0.5Co2As2.  
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Ca0.3Eu0.7Co2As2. In the magnetic structure of EuCo2As2, Eu moments align parallel to 

the ab plane but adopts an incommensurate spiral structure with the propagation k-vector of (0 0 

0.79) along the c axis (Figure 4.2). The magnetic properties of Ca0.3Eu0.7Co2As2 are similar to 

those of EuCo2As2, but with the lower AFM ordering temperature. To check whether 

Ca0.3Eu0.7Co2As2 adopts the same magnetic structure as EuCo2As2, we collected neutron 

diffraction data on a single crystal of Ca0.3Eu0.7Co2As2 at 4 K. In addition to the nuclear peaks, 

we observed a new set of magnetic reflections with propagation k-vector of (0 0 0.76).  

Magnetic structure refinements indicated that Ca0.3Eu0.7Co2As2 adopt the same magnetic 

structure as that of EuCo2As2. The integrated intensity of a selected magnetic peak (0 0 2.76) was 

tracked as a function of temperature, clearly showing the AFM transition at 31.5 K, which 

matches well the value of 32 K observed in the magnetic measurements (Figure 5.13). The 

intensity of nuclear peak (110) measured at 4 K is about the same as that at 50 K, confirming the 

absence of FM ordering in the structure (Figure 5.14). Considering the similar AFM ordering 

observed in Ca1-xEuxCo2As2 (0.65 ≤ x < 1), and the same magnetic structure displayed in  

Ca0.3Eu0.7Co2As2 and EuCo2As2, we believe that Ca1-xEuxCo2As2 (0.65 ≤ x < 1) all adopt the 

same magnetic structure but with slightly different propagation k-vector. 

 

 

Figure 5.13 Temperature dependence of integrated intensity of (0 0 2.76) peak of 
Ca0.3Eu0.7Co2As2. 

 

 

Figure 5.14 Omega scan of (110) reflection at 4 and 50 K. 
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5.2.5 Electronic Structure Calculations 
 

The crystal structure change, the evolution of magnetism from FM to AFM ordering, and 

the change in the oxidation state of Eu in Ca1-xEuxCo2As2 should be closely related to the 

modification of its electronic structure. Particularly, in order to elucidate the correlation between 

the crystal and electronic structures and the magnetic properties, we carried out non-polarized 

band structure calculations on Ca1–xEuxCo2As2 for x = 0, 0.25, 0.5, 0.75, and 1. Using the LMTO 

approach, the calculations were performed on the ideal crystal structure without Co vacancies, 

because the results of earlier calculations on CaCo2As2 and CaCo1.88As2 proved to be similar.82b 

The crystal structure parameters for x = 0, 0.5, and 1 were taken from room-temperature single 

crystal X-ray diffraction refinements. Superstructures were constructed for Ca0.75Eu0.25Co2As2 

and Ca0.25Eu0.75Co2As2, with parameters taken based on the refinements of Ca0.7Eu0.3Co2As2 and 

Ca0.3Eu0.7Co2As2, respectively. 

The electronic structure of CaCo2As2 shows a sharp DOS peak, with the main 

contribution from Co 3d orbitals (Figure C.3a). According to the Stoner criterion, itinerant 

magnetism should emerge when J·n(EF) > 1, where J is the Co-Co exchange interaction 

(approximated by the value found for free Co metal75) and n(EF) is the value of DOS at the Fermi 

level. For CaCo2As2 J·n(EF) = 1.7 should justifies the magnetic ordering observed in the Co 

sublattice.6 Earlier DFT calculations on this material also indicated the proximity of the total 

energies of the FM and AFM states.82b Therefore, we believe that the subtle change in the 

electronic structure of CaCo2As2 can strongly impact the nature of magnetic ordering. 

In fact, the electronic structure calculations of Ca1-xEuxCo2As2 (x = 0.25, 0.5, 0.75) 

revealed the change in the shape of DOS curve and its magnitude near the Fermi level (Figure 

5.15). The Co band structures appears to be less disperse in Ca0.75Eu0.25Co2As2 and 

Ca0.5Eu0.5Co2As2 as compared to CaCo2As2, but a strong DOS peak at the Fermi level is still 

preserved in both Ca0.75Eu0.25Co2As2 and Ca0.5Eu0.5Co2As2 (Figures 5.15a, b). The J·n(EF) 

product for these samples equals to 1.4 and 1.1, respectively, which satisfies the Stoner criterion 

in support of magnetic ordering in the Co sublattice. In the case of Ca0.25Eu0.75Co2As2, the DOS 

shape is also different from that of Ca0.5Eu0.5Co2As2 because the interlayer Co-Co distance 

decreases with increasing the Eu content in Ca1-xEuxCo2As2, thus leading to the increased 

dispersion of the Co band. But the electronic structure of Ca0.25Eu0.75Co2As2 is very similar to 

that of EuCo2As2, which explains the similarity of their magnetic properties (Figures 5.15c, 
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C.3b). The calculated J·n(EF) values are 0.3 and 0.67, respectively, justifying the lack of 

magnetic ordering in the Co sublattice of these compounds. The adjustment of Co DOS at Fermi 

level and its influence on the magnetic behavior of the Co sublattice are similar to the behavior 

observed in other ternary pnictides with ThCr2Si2 structure type.88, 24c  

  

 

Figure 5.15 Density of states (DOS) and crystal orbital Hamilton population (COHP) plots for 
Ca1-xEuxCo2As2; x =0.25 (a, d), x =0.5 (b, e) and x = 0.75 (c, f). 

 
To reveal the character of chemical bonding in these compounds and correlate it with the 

magnetic properties, we carried out crystal orbital Hamilton population (COHP) analysis of Co-

Co and As-As interactions (Figures 5.15d-f, C.3c,d, and C.4). Dronskowski proposed that the 

FM ordering in transition metals and alloys is driven by the presence of antibonding states.7 In 

all the Co-Co COHP plots, the Co-Co bonding states are located between -5 and -1.5 eV, but 

there are strong antibonding states at the Fermi level in the electronic structures of 

Ca0.75Eu0.25Co2As2 and Ca0.5Eu0.5Co2As2 and nonbonding states in the electronic structures of 

Ca0.25Eu0.75Co2As2 and EuCo2As2. Based on Dronskowski’s theory, Ca0.75Eu0.25Co2As2 and 

Ca0.5Eu0.5Co2As2 should exhibit FM ordering of Co moments, while  Ca0.25Eu0.75Co2As2 and 

EuCo2As2 should lack such ordering, which is consistent with our experimental results. 

CaCo2As2 is an atypical case here due to the energetic proximity of the FM and AFM states.  The 

As-As COHP also exhibis variation in the Ca1-xEuxCo2As2 series (x = 0, 0.25 0.5, 0.75, 1) 
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(Figure C.4). In CaCo2As2 and Ca0.75Eu0.25Co2As2, strong As-As bonding and antibonding peaks 

are located below -2.5 eV, and weaker antibonding features are present near the Fermi level.In 

the rest of the series, however, the As-As antibonding states dominate and shift closer to the 

Fermi level as the Eu content increases. This variation in the As-As interactioins is in agreement 

with the increase in the As-As distance in the crystal structure as one moves from CaCo2As2 

toward EuCo2As2.  

The electronic structure and bonding feature changes correlate with the crystal structure 

alternation as Eu content change. As we shown above, the Co vacancies observed in the crystal 

structures are much higher in Ca1-xEuxCo2As2 (0 ≤ x ≤ 0.6) than those with 0.65 ≤ x ≤ 1.0. 

From the formal charge point of view, as the Eu content increases, the positive charge on Ca/Eu 

sites is higher (considering the product of Eu valence and its concentration), but negative charge 

on As is also higher due to weaker As-As bonding, which cannot directly derive the formal 

charge change or the formation of vacancies on Co. However, we observed the strong Co-Co 

antibonding observed for Ca1-xEuxCo2As2 (x = 0, 0.25, 0.5), but nonbonding states for Ca1-

xEuxCo2As2 (x = 0, 0.75, 1) in Co-Co COHP plots. Thus we believe the formation of vacancies 

on Co site is to stabilize the structure by lowing electrons. 

 
5.3 Conclusions 

 

In this chapter, we demonstrated the successful preparation of Ca1-xEuxCo2As2 solid 

solutions via the Bi flux method. The c/a ratio in the tetragonal structure increases from 2.58 in 

CaCo2As2 to 2.93 in EuCo2As2. The interlayer distance (dAs-As) elongates for the higher Eu 

content due to the weakening of the As-As bonding, as demonstrated by quantum-chemical 

calculations. In addition, the formation of Co vacancies is observed in CaCo2As2, but their 

concentration decreases as the Eu content increases, and no vacancies were observed in the 

structure of EuCo2As2. The Eu2+ ion substituted into the Ca2+ site in Ca1-xEuxCo2As2 experiences 

chemical pressure due to the size difference between these ions. As a result, we observed mixed 

valence of Eu in such materials. The variations in the crystal and electronic structures have a 

dramatic impac on the magnetic properties. In contrast to the AFM ordering of Co moments in 

CaCo2As2, FM ordering of Co moments emerges in Ca1-xEuxCo2As2 (0 < x ≤ 0.65), as 

demonstrated by magnetic and neutron diffraction measurements and supported by electronic 

structure calculations. Meanwhile, the Eu moments also show FM ordering and FM couplng with 
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the Co 3d moments through. This change from the AFM 3d-4f coupling in RCo2P2 and RCo2As2 

(R = Pr, Nd) to the FM 3d-4f coupling in Ca1-xEuxCo2As2 is consistent with the behavior 

observed previously in the Laves-type RCo2 structures.10 In the latter, the 3d-4f  magnetic 

exchange constant also changes sign as one reaches the middle of the 4f series, due to the change 

in the manner in which the ground state of the LS term is defined for the rare-earth metal ions 

with less or more than half-filled f-shells. 

For phases with higher Eu content (x > 0.65), the oxidation state of Eu slightly decreases, 

indicating lesser electron transfer from the electropositive metal site to the Co2As2 layers. The 

weaker As-As bonding also contributes to the decrease in the electron density of states at the 

Fermi level. The electronic structures of these materials are more similar to that of EuCo2As2, 

with a low DOS at the Fermi level and a non-bonding Co-Co feature in COHP. These changes 

explain the lack of magnetic ordering in the Co sublattice in Ca1-xEuxCo2As2 (0.65 < x ≤ 1). 

Thus, the magnetic behavior of the Co sublattice changes from AFM ordering in CaCo2As2 to 

FM ordering in Ca1-xEuxCo2As2 (0 < x ≤ 0.65) to paramagnetism in Ca1-xEuxCo2As2 (0.65 < x ≤ 

1). Concurrently, the Eu sublattice evolves from FM to AFM ordering, with the turning point 

around x = 0.65. The FM ordering of Eu moments persists as long as the FM ordering is 

observed in the Co sublattice, but once the latter becomes paramagnetic, the Eu moments 

become AFM ordered. Thus, the evolution in the magnetic properties takes place synergistically 

with the structural change, Eu valence variation, and 4f to 3d electron transfer in Ca1-xEuxCo2As2 

under chemical compression.  

Based on the understanding developed for the Ca1-xEuxCo2As2 system, similar chemical 

pressure, structural, and magnetic property effects might be achieved by replacing the Ca2+ ions 

with the larger Sr2+ ions. Indeed, Chen et al. have recently reported the magnetic phase diagram 

of Ca1-xSrxCo2As2, which demonstrated the change from AFM ordering in Ca1-xSrxCo2As2 to FM 

ordering in Ca0.8Sr0.2Co2As2.
86a More importantly, the spin orientation observed in 

Ca0.8Sr0.2Co2As2 is the same as we observed in Ca0.5Eu0.5Co2As2.   
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CHAPTER 6 

 

SYNTHESIS, STURCUTRUAL AND MAGNETIC PROPERTIES 

OF A2Co12AS7 (A= CA, Y, CE-YB) AND RCO5AS3 (R= CE-YB) 
 

 
6.1 Introduction 

 

Intermetallics formed by rare-earth (R) and transition (T) metals represent a large family 

of compounds with many fascinating properties. Arguably, one of the most important 

applications of these materials is their use as the strongest permanent magnets, e.g. Nd2Fe14B and 

SmCo5.
89 Other potential uses include magnetostrictive materials90-91 and, more recently, 

magnetic refrigerants.92 Despite the long-standing history of research on R-T intermetallics,93 a 

wealth of new structures and properties continues to be discovered every year. In this vein, an 

important innovative aspect is the exploration of less conventional synthetic methods that might 

allow access to new materials in the vast parameter space offered by the diverse elemental 

compositions and coordination numbers encountered in such structures.24c 

Reactions in molten metal fluxes remain somewhat underused in the syntheses of R-T 

intermetallics, which are dominated by arc-melting and direct annealing techniques. 

Nevertheless, the use of various molten metals as reaction medium has been steadily expanding, 

with the increased understanding that this method not only offers access to new materials, but 

also affords lower reaction temperatures and high-quality single crystals for physical property 

measurements.94 

Synthesis in Sn flux has been used as the method of choice for the preparation of 

materials in the ternary R-Co-P systems, affording crystal growth of ~100 compounds that 

crystallize in the PbFCl, ThCr2Si2, HoCo3P2, YCo5P3, LaCo8P5, Zr2Fe12P7, and Sc5Co19P12 

structure types.95 The availability of representative single crystals allowed detailed insight into 

magnetic properties and magnetically ordered structures for many of these materials, especially 

RCo2P2 .24,32-33,96 In contrast, until recently there has been only scarce information on single-

crystal growth in R-Co-As systems. RCo2As2 (R = La-Nd, Eu),26a RCo5As3 (R = Y, Gd-Er),97 

and RCo12As7 (R = Y, Gd-Er)98 have been reported, but only for EuCo2As2 was the structure 

established from the single crystal X-ray diffraction experiment. Attempts to prepare these 

materials from Sn flux fail to produce phase-pure samples or representative single crystals. In 
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2012, Sefat and co-workers managed to obtain single crystals of EuCo2As2 by self-flux synthesis 

in CoAs melt and performed single-crystal measurements to establish, for the first time, 

magnetic properties of this material.29 

In an attempt to find alternative pathways to single crystals of R-Co arsenides, we have 

recently reported the use of molten Bi as an effective reaction medium for the crystal growth of 

RCo2As2 (R = La, Ce, Pr, Nd).30,81 Furthermore, this method afforded phase-pure bulk materials, 

thus allowing physical characterization to be carried out on both powder and single crystal 

samples. In the present contribution, we describe a successful extension of reactions in Bi flux to 

the synthesis and crystal growth of A2Co12As7 (R = Ca, Y, Ce-Yb) and RCo5As3 (R = Ce-Yb). 

We also report investigation of the crystal structure and magnetic behavior of these materials by 

X-ray and neutron diffraction, transmission electron microscopy, and magnetic measurements. 

 
6.2 Results and Discussion of A2Co12As7 

 
6.2.1 Synthesis and Crystal Structure 
 

The synthesis from Sn flux used for the preparation of R2Co12P7
96 failed to produce 

R2Co12As7 (R = Y, Gd-Er).98 The latter were obtained by Stoyko and Oryshchyn by heating 

compacted pellets of constituent elements for 10 days at 970 K, then arc-melting the samples 

obtained, and finally re-annealing the ingots for 2 months at 970 K.98 This method, however, did 

not afford good-quality single crystals. Moreover, the space group was assigned as P6̅ based on 

PXRD data, but it will be shown below that the R2Co12As7 structures are better described in the 

space gourp P63/m. To achieve the growth of single crystals and shorten the reaction time, we 

turned to the synthesis in Bi flux, a method that proved successful for the preparation of a 

different family of ternary arsenides, RCo2As2. This method allowed the synthesis of A2Co12As7 

(A = Ca, Y, Ce-Yb) and the growth of representative single crystals that were easily selected 

from the final product. The syntheses were completed within 10-14 days and usually afforded 

single-phase materials (Figures 6.1 and D.1), except for the samples with R = Gd, Tm, and Yb, 

which contained Bi or CoAs as impurities. Numerous efforts failed to produce La2Co12As7, 

similar to the non-existence of La2Co12P7 in the R2Co12P7 series .99 

Crystal structures of R2Co12As7 grown from Bi flux were determined by single-crystal X-

ray diffraction (Table D.1). All compounds are isostructural and crystallize in the space group 

P63/m, in contrast to the earlier assignment of the space group as P6̅ from PXRD data. The 
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symmetry of the R2Co12As7 lattices is thus different from that found for R2Co12P7 (P6̅) but 

consistent with the space group reported for Ca2Co12As7.
100 In general, the unit cell parameters 

and volume of R2Co12As7 decrease as the atomic number of R increases (Figures 6.2 and D.2), as 

expected from the lanthanide contraction. Deviations to the smaller volume for R = Ce and to the 

larger volumes for R = Eu and Yb indicate the tendency of these metals toward higher (+4) and 

lower (+2) oxidation states, respectively. 

 

 

 Figure 6.1 Powder X-ray diffraction patterns of A2Co12As7 (A = Ca, Y, Ce-Eu). 

 

 

Figure 6.2 Unit cell volumes of R2Co12As7 (R = Ce-Yb). In general, the error bars are smaller 
than the symbol size. 

 
Compounds R2Co12As7 are isostructural to Ca2Co12As7. A detailed analysis of the latter 

and its relation to the Zr2Fe12P7 structure type was provided by Hellmann and Mewis and 
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Jeitschko et al.
100-101 Briefly, the change in the space group from P6̅ to P63/m converts the 

unique As site (Wyckoff position 1a (0,0,0) in P6̅) to the 2-fold As site (Wyckoff position 2a 

(0,0,¼) in P63/m) with the (0,0,¼) shift in the unit cell origin. In contrast to the P6̅ structure, 

where adjacent 1a sites are separated by the whole unit cell period c in the [001] direction, in the 

P63/m structure this separation is halved. Consequently, the space group change leads to half-

occupancy of the 2a site due to the impossibly short separation between adjacent As2 positions 

along the c axis (c/2 ~ 1.8 Å). Such atomic arrangement becomes physically possible only if one 

consider the existence of domains, in which only one of the two half-occupied 2a positions along 

the c axis is filled in every unit cell. The existence of multiple domains with the As atoms 

occupying either all (0,0,¼) or all (0,0,¾) positions in a single domain results in the overall 

P63/m symmetry. In addition, the disorder in the As positions, spaced at c/2 in the [001] 

direction, leads to the split of the nearby Co position 6h (x,y,¼), which is situated either closer 

(~1.8 Å) to the vacant As2 site or further away (~2.3 Å) from the filled As2 site. It should be 

added that, in the present study, we found all A2Co12As7 structures to be much better described in 

the P63/m space group. 

The Zr2Fe12P7 structure type, including its P63/m variant, was described in detail 

before,100-101 and therefore, we will review only briefly the structure of Nd2Co12As7 as an 

illustrative example (Table 6.2). The structure is built of Nd-centered As6 trigonal prisms that 

share trigonal faces along the c axis (Figure 6.3a). The Nd-As distances are 2.984(1) Å. Wrapped 

around these prisms are chains of edge-sharing As4 tetrahedra built entirely of As1 atoms and 

centered by Co1 atoms (Figure 6.3b). The tetrahedra are slightly distorted, with Co-As distances 

varying from 2.378(2) Å to 2.392(2) Å. Each tetrahedron shares an edge with an NdAs6 prism, 

thus forming an extended framework with hexagonal channels (Figure 6.3c). The nearest Co-Co 

distance between neighbor tetrahedra is 2.758(2) Å. In the center of hexagonal channels are 

chains of disordered As2 atoms, which are surrounded by a triangle of Co2 atoms at 2.270(3) Å 

each when the As2 position is filled, or by a triangle of Co3 atoms at 1.823(4) Å each when the 

As2 position is vacant. Due to additional coordination of three As1 atoms to each Co2 atom at 

2.300(6) Å and 2.382(3) Å, there are Co2-centered As4 tetrahedra that form triple-chains along 

the c-axis via vertex sharing (Figure 6.3d). The complete polyhedral projection of the structure 

onto the ab plane is shown in Figure 6.3e. 
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Figure 6.3 Polyhedral representation of the crystal structure of A2Co12As7 (A = Ca, Y, Ce-Eu). 
Columns of face-sharing NdAs6 trigonal prisms (a) and edge-sharing CoAs4 tetrahedra (b) share 
edges to form a framework with hexagonal channels that contain rows of disordered As2 atoms 
(c). The channels are additionally filled by Co2 atoms that surround the chains of As2 atoms and 
form triple-chains of vertex-sharing CoAs4 tetrahedra due to coordination to the As1 atoms from 
the walls of the channels (d). The complete polyhedral build-up of the structure is shown in (e). 

 
Table 6.1 Atomic parameters of the crystal structure of Nd2Co12As7. 

Atom Wyckoff site x y z s.o.f. Ueq 

Nd1 2c 2/3 1/3 0.25 1 0.0071(2) 

Co1 6h 0.0538(1) 0.4316(1) 0.25 1 0.0081(3) 

Co2 6h 0.2770(4) 0.1538(6) 0.25 0.5 0.0081(7) 

Co3 6h 0.2227(5) 0.1211(6) 0.25 0.5 0.0129(8) 

As1 6h 0.29261(9) 0.40473(9) 0.25 1 0.0069(2) 

As2 2a 0 0 0.25 0.5 0.0092(5) 

 
To obtain further insight into the local atomic structure of these materials, TEM 

experiments were performed on thin single crystals of Ca2Co12As7. Figure 6.4a shows a STEM-

HAADF image recorded along the [0001] (c axis) direction, with the schematic of the projected 

atomic structure as an inset. The white dots in these images are projected atomic columns, and 

their intensity depends on the number of atoms in the column and the atomic number (Z), i.e. the 

higher intensity indicates the presence of more atoms and/or a higher average Z. All the projected 

As and Co columns form a shape of a flower with the As2 column residing in the center. The 
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crystallographic data show the interatomic distance along [0001] is 3.728 Å for all atoms, except 

for As2 atoms that show the As–As distance of 1.864 Å (c/2). A qualitative analysis of the image 

intensity, however, suggests that the intensity of the As2 column is similar to that of the As1 

column, which agrees with the presence of As2 vacancies in the crystal structure. In addition, 

The Co2/Co3 columns, which appear as six nearest columns around the As2 column, exhibit 

lower intensity than the Co1 columns, which also implies the vacancies in the Co2/Co3 sites. 

Figure 6.4b shows the atomic image along the [ ̅ ]/[ ̅ ̅ ] direction. The higher intensity 

columns are a mixture of As1 and Co1 atoms, which are at the distance of 4.51 Å along the 

projected direction (circled columns in the inset), whereas the lower intensity columns have 

interatomic distances of 10.14 Å. The As2 and Co2/Co3 columns with vacancies are seen as 

weak spots beside the higher intensity columns, although it is hard to distinguish the vacancy 

positions from this image. 

 

 

Figure 6.4 STEM-HAADF atomic structure images taken along (a) [0001] and (b) [ ̅ ̅ ] 
directions and single-crystal electron diffraction patterns recorded along (c) [0001] and (d) 
[ ̅ ̅ ] directions. The insets depict projected atomic structures with Ca atoms in brown, As 
atoms in blue, and Co atoms in turquoise. 
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To the best of our knowledge, this is the first reported TEM study of the Zr2Fe12P7 family 

of structures. It reveals an interesting aspect of the vacancy-containing structure variant that 

crystallizes in the P63/m space group. The vacancy ordering can be seen in the electron 

diffraction patterns (Figures 6.4c,d) as streaks between the major diffraction spots. The 

separation between the vacancies is 16.32 Å in the ( ̅ ) plane, which corresponds to doubling 

of the a or b axis. Based on this finding, it would be interesting to explore the character of 

vacancy distribution in other R2Co12As7 structures by TEM. 

 

6.2.2 XANES Spectroscopy 
 

Based on the trend in unit cell volumes in the R2Co12As7 series (Figure 6.2), the valence 

of Ce, Eu, and Yb should deviate from +3. Therefore, these samples were studied by XANES 

spectroscopy at the L3 edge of the corresponding R metal. As shown in Figure 6.5, the spectra of 

all three compounds contain two components that correspond to Ce3+ and Ce4+ , Eu2+ and Eu 3+, 

and Yb2+ and Yb3+ ions. In each case, the component contributing to the +3 oxidation state 

dominates the spectrum. Fitting the spectra of Ce2Co12As7 resulted in the average Ce oxidation 

state of +3.20(1) in the range from 80 to 300 K (Figure D.3). The average oxidation state of Eu 

increased as the temperature was lowered, from +2.47(5) at 294 K to +2.73(1) at 92 K (Figure 

D.4), in accord with the higher chemical pressure exerted on the Eu crystallographic site by the 

lattice contraction at lower temperature.24c Only slight mixed valence was established for 

Yb2Co12As7, with the average Yb oxidation state of +2.91(1) in the range from 150 to 294 K 

(Figure D.5). 

 

 

Figure 6.5  L3-R XANES spectra of  R2Co12As7  with R = Ce (a), Eu (b), and Yb (c) at 100 K, 92 
K, and 294 K, respectively. 
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The XANES results conclusively confirmed the mixed valence of rare-earth metals in 

R2Co12As7 with R = Ce, Eu, Yb. Only in the Eu-containing compound, however, does the 

average oxidation state exhibit the strong temperature dependence and the large deviation from 

the integer value. The behavior of these materials is distinctly different from that of their 

R2Co12P7 analogues, among which only Ce2Co12P7 deviates from the uniform decrease in the unit 

cell volume as the atomic number of R increases,96c while Eu2Co12P7 and Yb2Co12P7 follow the 

general trend, which suggests they exist in the +3 oxidation state. These observations correlate 

with the lower electronegativity of As relative to P, since Ce, Eu, and Yb clearly exhibit the 

tendency to lower oxidation states in R2Co12As7 as compared to those in R2Co12P7. 

 

6.2.3 Magnetic Properties 
 

A2Co12As7 (A = Ca, Y, Yb). The magnetic properties of all studied A2Co12As7 materials 

are summarized in Table 6.2. Since Ca2Co12As7 and Y2Co12As7 contain diamagnetic ions in the 

A site, they serve as model compounds for evaluating the magnetic behavior of Co sublattice. 

Both of them exhibit FM ordering of Co moments at 38 K and 115 K, respectively (Figure 

6.6a,b). The divergence of the zero-field-cooled (ZFC) and field-cooled (FC) magnetic 

susceptibility curves obtained under applied field of 1 mT indicates some magnetic anisotropy 

in the Co sublattice. The anisotropy was further confirmed by magnetic measurements on an 

oriented single crystal of Ca2Co12As7 which revealed the strong preference of Co moments to 

orient along the hexagonal c axis (Figure D.6). For Ca2Co12As7, the field-dependent 

magnetization measured at 1.8 K reached the maximum of 1.83 B per f.u. at 7 T, but did not 

saturate (Figure 6.6a, inset), while for Y2Co12As7, the Msat value of 3.78 B per f.u. was reached 

under the same conditions (Figure 6.6b, inset). Thus, one can expect that (1) the Co sublattice 

in A2Co12As7 will tend to exhibit FM ordering and (2) the values of TC and Msat might show 

significant dependence on the ionic size and charge of the electropositive metal, A, which 

impact the separation between the Co atoms and the filling of the Co 3d band, respectively. 

Similar to the Ca- and Y-containing compounds, Yb2Co12As7 exhibits FM ordering at TC 

= 60 K (Figure 6.6c). This phase transition is also attributed to the ordering of Co magnetic 

moments. The mixed-valent +2.91 oxidation state established by XANES spectroscopy is 

dominated by the typically magnetic Yb3+ ion. Therefore, one could expect that the Yb sublattice 

should also contribute to the magnetic behavior of Yb2Co12As7. Nevertheless, by comparing the 
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magnetic susceptibility curves of Ca-, Y-, and Yb-containing samples, no clear contribution from 

the Yb magnetic moments can be discerned. In fact, the ZFC and FC susceptibility and field-

dependent magnetization curves for Yb2Co12As7 are very similar to those found for Ca2Co12As7, 

suggesting the FM ordering of Co moments at 60 K and negligible participation of Yb moments 

in the magnetic behavior. 

 

 

Figure 6.6 Temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) 
magnetization at 1 mT and isothermal field dependence of magnetization (inset) for Ca2Co12As7 

(a), Y2Co12As7 (b), and Yb2Co12As7 (c). 
 

Table 6.2 Magnetic properties of A2Co12As7 (A = Ca, Y, Ce-Yb). 
Compound TC (Co), 

 K 
T*(R),a 

 K 
Mmax(100 K), 
B/f.u. 

Mmax(1.8 K),  
B/f.u. 

Mcalc(R
3+), 

B 
Co(3d)–
R(4f) 

coupling 
Ca2Co12As7 38 - - 1.83 - - 
Y2Co12As7 115 - 2.07 3.78 - - 
Ce2Co12As7 90 27 - 2.16 2.14 FM 
Pr2Co12As7 107 20 2.71 6.44 3.20 AFM 
Nd2Co12As7 113 50 2.73 4.40 3.28 AFM 
Sm2Co12As7 110 25 2.66 3.21 0.72 AFM 
Eu2Co12As7 136 136 4.95 6.49 0 FM 
Gd2Co12As7 117 117 5.67 22.6 7 FM 
Tb2Co12As7 131 84 7.73 18.5 9 FM 
Dy2Co12As7 128 69 6.52 18.2 10 FM 
Ho2Co12As7 139 45 8.25 21.6 10 FM 
Er2Co12As7 116 46 6.37 19.1 9 FM 
Tm2Co12As7 136 31 5.90 14.6 7 FM 
Yb2Co12As7 60 - - 2.39 4 - 

 
It is interesting to compare the magnetic behavior of Yb2Co12As7 and YbCo12P7. The FM 

ordering temperature of Yb2Co12As7 (60 K) is much closer to the TC of Ca2Co12As7 (38 K) than 

to the TC of Y2Co12As7 (115 K). In contrast, YbCo12P7 shows TC similar to the values observed 

for R2Co12P7 materials with R3+ ions. Such behavior of YbCo12P7 is in line with its following the 
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general trend for the R-dependent unit cell volume observed in the R2Co12P7 series, which 

suggests the oxidation state of Yb3+. It is intriguing that even the small deviation from this 

oxidation state in Yb2Co12As7 has such pronounced influence on the FM phase transition 

temperature. In this context, it would be interesting to compare the magnetic behavior of 

YbCo12P7 to that of Ca2Co12P7 and Y2Co12P7, but unfortunately, the latter compounds were 

reported relatively recently,100,102 and their magnetic properties are unknown.  

 

 

Figure 6.7 (a) Temperature dependence of field-cooled magnetization for R2Co12As7 (R = Pr-
Gd) at 1 mT. (b) Isothermal field dependences of magnetization for Nd2Co12As7 at various 
temperatures. (c) Isothermal field dependences of magnetization for Pr2Co12As7 and Sm2Co12As7 
at 100 K (empty symbols) and 1.8 K (filled symbols). (d) Temperature dependence of field-
cooled and zero-field-cooled magnetization for Ce2Co12As7 at 1 mT. Inset: isothermal field 
dependences of magnetization at various temperatures. (e) Isothermal field dependences of 
magnetization for Pr2Co12As7 and Sm2Co12As7 at 100 K (empty symbols) and 1.8 K (filled 
symbols). 
 

R2Co12As7 (R = Ce, Pr, Nd, Sm, Eu, Gd). The temperature dependence of magnetic 

susceptibility, measured on polycrystalline samples of  R2Co12As7 (R = Ce, Pr, Nd, Sm, Eu, Gd), 

indicates the FM ordering of Co moments with TC = 90, 107, 113, 110, 136, and 117 K, 

respectively (Figures 6.7a, D.7). These values are similar to the ordering temperature of  

Y2Co12As7 (115 K), although the TC appears to increase as the lanthanide ionic radius decreases. 

A deviation from this general trend is only seen for Eu2Co12As7, which could be explained by 
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modification of the electronic structure of this material due to the mixed valence of Eu that might 

promote stronger magnetic exchange. Similar magnetic behavior in the Co sublattice was also 

observed for R2Co12P7, with the Co FM ordering temperature varying in the range of 142-158 

K.96c 

The magnetic susceptibility for R = Pr, Nd, and Sm reaches the maximum value at 20, 

50, and 25 K, respectively, and then decreases as the temperature is lowered. Such behavior is 

characteristic of AFM coupling between the R 4f and Co 3d magnetic moments, suggesting the 

FiM ground state for these materials. This finding is also in accord with the FiM behavior 

reported for Pr2Co12P7 and Nd2Co12P7,
96c as well as for PrCo2As2 and NdCo2As2.

81 The AFM 4f-

3d coupling is well illustrated by the magnetization isotherms recorded for Nd2Co12As7 at 

different temperatures (Figure 6.7b). The isotherms obtained at 100 and 50 K exhibit fast initial 

increase in low fields due to the FM ordering of Co moments. The higher rise observed at 50 K is 

explained by the growth of Co FM domains as the temperature is lowered. The isotherms 

obtained below 50 K, however, exhibit gradual suppression of the low-field magnetization, and 

the curve obtained at 1.8 K is essentially linear. Such behavior can be explained by the gradual 

ordering of Nd 4f moments in the direction antiparallel to the magnetization of the Co 3d 

moments. It should be emphasized that the Mmax value observed at 100 K (~2.7 B) is similar for 

all three materials (Figures 6.7b,c) and slightly larger than the value obtained for Y2Co12As7 at 

the same temperature (Figure 6.6b, inset). This observation is also in agreement with the initial 

ordering of Co 3d moments around 110 K, followed by the ordering of R 4f moments at lower 

temperatures. 

The behavior of Ce2Co12As7 in the low temperature range is quite different. While the 

increase in magnetic susceptibility at 90 K can be attributed to the FM ordering of Co moments, 

the susceptibility shows a much more abrupt increase at 27 K (Figure 6.7d). This second 

magnetic transition can be ascribed to FM ordering of Ce moments, given that the Ce oxidation 

state is close to +3. The isothermal magnetization measured at 75 and 50 K exhibits the initial 

fast growth due to the ordered Co moments (Figure 6.7d, inset), but the observed moment is 

much lower than in the case of R2Co12As7 with R = Y, Pr, Nd, or Sm. At higher fields, a linear 

increase is observed due to the response of paramagnetic Ce sublattice. The Mmax values per f.u. 

are 0.72 and 1.09 B at 75 and 50 K, respectively. At 1.8 K, the magnetization is characteristic of 
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a ferromagnet, but Msat remains relatively low, only 2.16 B at 7 T. We will return to the 

discussion of magnetic ordering in this compound in the neutron scattering section. 

In the case of Eu2Co12As7 and Gd2Co12As7, the magnetism of the 4f
7 Eu2+ and Gd3+ ions 

is only due to the spin component of the total angular momentum. (Despite the mixed valence of 

Eu, the contribution from the Eu3+ ion with a non-magnetic J = 0 ground state can be neglected.) 

Therefore, the effect of the magnetocrystalline anisotropy of rare-earth ion on the magnetic 

properties should be small. Neither of these compounds exhibits a discernable up or down turn in 

the FC magnetic susceptibility curve at lower temperatures (Figure 6.7a). This observation 

suggests that the ordering of both 3d and 4f moments sets in simultaneously, at 117 K for 

Gd2Co12As7 and 136 K for Eu2Co12As7. The isothermal magnetization curves measured for 

Gd2Co12As7 (Figure 6.7e) clearly show a large difference between 100 K (Mmax = 5.67 B per 

f.u.) and 1.8 K (Mmax = 22.6 B per f.u.). Taking into account the theoretically expected 

contribution of 14.0 B from two Gd3+ ions, we can conclude FM coupling between Gd and Co 

moments. 

The situation is more complicated in the case of Eu2Co12As7, because Eu exhibits mixed 

valence with strong temperature dependence. Given the isoelectronic nature of Eu2+ and Gd3+ , 

we could assume that the 3d-4f coupling in Eu2Co12As7 is also FM. Indeed, the isothermal 

magnetization curves collected at 100 and 1.8 K exhibit typical FM behavior (Figure 6.7e). 

Nevertheless, the Mmax at 100 K is similar (4.95 B) but the Mmax at 1.8 K is much smaller (6.49 

B) than the corresponding values measured for Gd2Co12As7 at the same temperatures. This 

difference can be attributed to the increase in the fraction of nonmagnetic Eu3+ ions as the 

temperature decreases. At 100 K, the average oxidation state of ~+2.7 gives the expectation 

moment of 2.1 B per Eu center, although the moments are not fully saturated at that 

temperature. A significantly higher saturation magnetization could be expected at 1.8 K, but 

based on the trend in the XANES data (Figure D.4), the average oxidation state of Eu becomes 

much closer to +3 at low temperatures, thus diminishing the Eu contribution to the total 

magnetization value. Therefore, as the temperature is lowered, the magnetic behavior of 

Eu2Co12As7 should resemble more closely the behavior of Y2Co12As7 with diamagnetic Y3+ ions. 

R2Co12As7 (R = Tb, Dy). Both Tb2Co12As7 and Dy2Co12As7 show very similar magnetic 

behavior, with FM ordering of Co moments at 131 and 128 K, respectively, followed by ordering 

of R moments at 84 and 69 K, respectively (Figure 6.8). Interestingly, as the temperature is 
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lowered, the FC magnetic susceptibility reaches the maximum, then decreases to a certain point, 

and then exhibits a slight upturn at lower temperature. Such behavior, along with the divergence 

of the ZFC and FC susceptibility curves, can be attributed to the magnetocrystalline anisotropy 

of the rare-earth ions.  

 

 

Figure 6.8 Temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) 
magnetization measured at 10 mT for Tb2Co12As7 (a) and Dy2Co12As7 (b), and isothermal field 
dependence of magnetization measured at 1.8, 25, 65, and 100 K for Tb2Co12As7 (c) and 
Dy2Co12As7 (d). 
 

The isothermal magnetization curves exhibit much faster initial rise at lower 

temperatures, which is also in agreement with the ordering of 4f moments. The Msat values 

reached at 1.8 K and 7 T are 18.50 B for Tb2Co12As7 and 18.16 B for Dy2Co12As7, which is 

close to the theoretically expected contributions of 18 B and 20 B from two Tb3+ or two Dy3+ 

ions, respectively. Thus, it is difficult to conclusively establish the type of 4f-3d coupling in these 

materials. Given the more complex behavior of temperature-dependent magnetization at lower 

temperatures, further measurements, such as neutron scattering or X-ray magnetic circular 

dichroism spectroscopy experiments, are required to elucidate the magnetically ordered states of 

Tb2Co12As7 and Dy2Co12As7. Nevertheless, given the well-known trend for the reversal of the 
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sign of 4f-3d magnetic exchange at the middle of lanthanide series (for the half-filled f-shell), we 

hypothesize that the 4f-3d coupling in these materials should be FM in nature. This assumption is 

further supported by properties of the later members of R2Co12As7 series. 

R2Co12As7 (R = Ho, Er, Tm). As expected, these three compounds also exhibit FM 

ordering of Co moments at TC equal to 139, 116, and 136 K, respectively (Figures 6.9a, D.8). 

The increase in the FC magnetic susceptibility at lower temperatures suggests the FM ordering of 

rare-earth moments, although the transition temperature is less clearly defined. The ordering is 

likely gradual, as also seen for the earlier compounds in the R2Co12As7 series. The field-

dependent magnetization measured at 100 K shows an initial rise of ~2-3 B (Figure 6.9b), which 

is similar to the value observed for Y2Co12As7. The magnetization curves recorded at 1.8 K 

exhibit much faster increase at low fields as compared to the magnetization measured at 100 K. 

Furthermore, the Msat values observed at 1.8 K and 7 T are 21.6 B for Ho2Co12As7, 19.1 B for 

Er2Co12As7, and 14.6 B for Tm2Co12As7, which exceed the contributions of 20, 18, and 14, 

respectively, expected for the corresponding R3+ ions. Such observations support the FM 

coupling between the 4f and 3d moments in these materials. 

 

 

Figure 6.9 (a) Temperature dependence of field-cooled magnetization at 10 Oe and (b) 
isothermal field dependence of magnetization at 1.8 (empty symbol) and 100 K (solid symbol) 
for R2Co12As7 (R = Ho, Er, Tm). 
 
6.2.3 Neutron Diffraction 
 

To establish the structure of magnetically ordered states, neutron scattering experiments 

were performed on powder samples of Nd2Co12As7 and Ce2Co12As7. 
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Nd2Co12As7. Initially, this material was examined by non-polarized neutron powder 

diffraction (NPD). Since no magnetic ordering is expected at 150 K, the NPD pattern collected at 

that temperature should be representative of the nuclear structure. The unit cell parameters 

refined from the NPD data were in good agreement with the ones obtained from the PXRP data 

(Table 6.3). The Rietveld refinement was performed using the structural model established from 

the single-crystal X-ray experiment and adding Bi as the second phase. Satisfactory convergence 

was achieved, indicating the molar fraction of Bi impurity as 5%. 

 
Table 6.3 Unit cell parameters of Nd2Co12As7 refined from neutron and X-ray powder 
diffraction data. 

Compound Method T, K a , Å c , Å 

Nd2Co12As7 X-ray 298 9.443(4) 3.7896(8) 

 neutron 150 9.4243(2) 3.7781(1) 

 neutron 50 9.4201(1) 3.7733(1) 

 neutron 2 9.4199(2) 3.7726(1) 

 

 

Figure 6.10 (a) Fragments of neutron powder diffraction patterns of Nd2Co12As7 emphasizing 
the growth of the (100) and (110) diffraction peaks with decreasing temperature. (b) Rietveld 
refinement of the neutron powder diffraction pattern of Nd2Co12As7 collected at 2 K and 0 T, 
assuming antiferromagnetic 3d-4f coupling. 
 

Nuclear peaks (100) and (110), which were very weak at 150 K, increased in intensity 

slightly at 50 K and dramatically at 2 K (Figure 6.10a). The pattern obtained at 50 K was refined 

similar to the one at 150 K, but with the addition of a magnetic phase located at the same atomic 

positions as the main nuclear phase, Nd2Co12As7. Based on the magnetic measurements, we 
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assumed only Co moments to be ordered at 50 K. The refinement resulted in magnetic moments 

of 0.2(1) μB on Co1 atom and 0.53(9) μB on Co2/Co3 atoms. The total magnetic moment is 0.26 

+ 0.536 = 4.3 B per f.u., which is close to the value of 3.9 μB obtained from magnetization data 

at 50 K. 

 

 

Figure 6.11 Difference plots (I+ – I–) of polarized neutron scattering profiles for (a) Nd2Co12As7 
at 0.1 T and 150, 50, and 5 K and (b) Ce2Co12As7 at 2.0 T and 150, 50, and 1.5 K. The spin 
polarization of the incident neutron beam was aligned parallel (I+) and antiparallel (I–) to the 
magnetic field direction. The red lines show calculated profiles assuming the models discussed in 
the text. 

 
The Rietveld refinement of NPD pattern obtained at 2 K was carried out assuming 

magnetic ordering in both Nd and Co sublattices. The magnetic phase was located at the atomic 

positions of the main nuclear phase. A satisfactory refinement was achieved only when Nd and 

Co moments were oriented antiparallel to each other, resulting in the FiM ground state (Figures 
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6.10b, and 6.12). Attempts to model the magnetic structure with Nd and Co moments coupled 

FM to each other led to significantly larger refinement residuals (Figure D.9). The magnetic 

moments derived from the refinement were 1.6(2) μB for Nd, 0.22(7) μB for Co1, and 0.53(5) μB 

for Co2/Co3.  

 

 

Figure 6.12  Magnetic structures of Nd2Co12As7 (a) and Ce2Co12As7 (b) at 1.5 K. 
 

Polarized neutron scattering measurements were performed on the Nd2Co12As7 sample 

placed in a magnetic field of 0.1 T applied along the axis of the cylindrically pelletized sample. 

The measurements were performed at 150, 50, and 5 K, for the spin of the incident neutron beam 

aligned parallel and antiparallel to the magnetic field direction. The experimental data and the 

calculated profiles are displayed in Figure 6.11a. At 150 K, no magnetic signal was observed, as 

should be expected for a paramagnetic state. The spectrum obtained at 50 K confirmed the FM 

ordering of Co moments, with the calculated moment at Co1 site approximately three times 

smaller than the moment at Co2/Co3 site, in good agreement with the results of non-polarized 

NPD experiments. The spectrum was satisfactorily simulated with (Co1) = 0.1(1) B and 

(Co2/Co3) = 0.3(1) B. At 5 K, a strong scattering component emerged in the opposite 

direction, suggesting the ordering of Nd moments in the direction antiparallel to the Co 

moments. The data were modeled with  (Nd) = –1.6 B, (Co1) = 0.2(1) B, and (Co2/Co3)= 

0.6(1) B, which agree very well with values obtained from the Rietveld refinement of the non-
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polarized NPD pattern recorded at 2 K. Setting the moments at all Co sites equal did not provide 

a satisfactory fit to either non-polarized or polarized neutron scattering data. A similar effect was 

observed by Jeitschko et al. in the analysis of neutron diffraction patterns of R2Co12P7 (R = Pr, 

Nd, Ho), and the difference in the magnetic moment of crystallographically distinct Co centers 

was explained by their different coordination environments.96c 

Ce2Co12As7. Since the magnetic data suggested two successive FM phase transitions in 

Ce2Co12As7, with rather weak saturation moments, non-polarized NPD data were not acquired 

because they would not have been sensitive enough to the magnetic order in this material. Initial 

polarized measurements were performed under the same conditions as in the case of Nd2Co12As7, 

in a magnetic field of 0.1 T applied along the axis of the cylindrically pelletized sample. 

Measurements at 150 and 50 K did not detect any magnetic signal. At 5 K, magnetic peaks were 

observed in the difference scattering (I+ – I–). Surprisingly, the pattern observed suggests that the 

ordered Ce moment is very small, ~0.1(1) B, and aligned parallel to the Co moments. Similar to 

the Nd-containing compound, the moment on the Co1 site (0.2 B) was found to be 

approximately three times smaller than that on the Co2/Co3 site (0.6 B). 

Ce2Co12As7 was also examined by polarized neutron scattering under magnetic field of 2 

T. The data were collected at 150, 50, and 1.5 K. Similar to the data obtained under 0.1 T, there 

is absence of magnetic signal at 150 K. The spectra recorded at 50 K and 1.5 K were 

satisfactorily simulated with magnetic moments (in B) on Ce, Co1, and Co2/Co3 sites equal to 

0, 0.1(1), 0.2(1) and 0.1(1), 0.2(1), 0.6(1), respectively (Figures 6.11b, and 6.12). 

 
6.3 Results and Discussion of RCo5As3 

 
6.3.1 Synthesis and Crystal Structure 
 

We observed that RCo5As3 phases sometimes appear as the secondary product during the 

synthesis of R2Co12As7. This observation suggests that Bi flux might also prove useful for the 

synthesis of RCo5As3. Using this approach, we successfully obtained RCo5As3 (R = Ce-Yb, 

except for Eu) via annealing of element mixtures at 1223 K for 8 days, in contrast to the 

literature report of obtaining RCo5As3 (R = Y, Gd- Er) by arc-melting pre-reacted pellets and re-

annealing the products for 2 months at 970 K. By controlling the ratio of starting elements during 

the sample preparation, we could obtain nearly pure RCo5As3 materials, as well as their needle-

like single crystals for the first time (Figures 6.13, D.11). We could not obtain EuCo5As3, similar 
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to the absence of EuCo5P3 in the RCo5P3 series. We also found that LaCo5As3 is not isostructural 

to the other members of this series, which agrees with LaCo5P3 also adopting a structure type 

different from that of the other RCo5P3 structures. The obtained needle-like crystals of RCo5As3 

were sufficiently large for single crystal diffraction experiments. The anisotropic shape of 

crystallites also caused texturing due to preferred orientation in the powder X-ray diffraction 

patterns of the samples with Ho and Tm. Unfortunately, we could not obtain single crystals that 

would be large enough for physical measurements. 

 

 

Figure 6.13 Powder X-ray diffraction patterns of RCo5As3 (A = Y, Ce-Gd). 
 

 

Figure 6.14 Unit cell volumes of RCo5As3 (R = Ce-Yb). In general, the error bars are smaller 
than the symbol size. 

 
Crystal structures of all RCo5As3 materials (R = Ce-Yb, except for Eu) were determined 

by single crystal X-ray diffraction. They crystallize in the YCo5P3 structure type, space group 

Pnma, and thus are isostructural to RCo5P3 (R = Ce-Yb, except for Eu). As the atomic number of 

R increases, the unit cell parameters and volume decrease due to the lanthanide contraction 

(Figures 6.14, D.2). Deviations from this trend are smaller Ce and larger Yb ions, which suggest 
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these metals display oxidation states higher and lower than +3, respectively. This behavior is 

reminiscent of that observed in the R2Co12As7 series, in which Ce and Yb metals show average 

oxidation states + 3.20(1) and +2.91(1), respectively. The accurate determination of the 

oxidation state of Ce and Yb in RCo5As3 requires further measurements such as XANES 

spectroscopy.   

 

 

Figure 6.15 Polyhedral representation of the crystal structure of RCo5As3 (R = Y, Ce-Yb). Edge-
sharing dimers of CoAs4 (Co1, Co2) tetrahedra  connected into a column via edge sharing with 
CoAs5 (Co3) square pyramids (a) and the arrangement of several such columns parallel to the 
(010) plane (b). Chains of edge- and corner-sharing CoAs4 (Co4, Co5) tetrahedra (d), and the 
arrangements of such chains parallel to the (010) plane (c). A column of face-sharing YAs6 
trigonal prisms (e). The polyhedral build-up of the structure is shown in (f). Color scheme: Y 
(blue), Co1 (red), Co2 (yellow), Co3 (magenta), Co4 (cyan), Co5 (green),  and As (black). 
 

RCo5As3 and R2Co12As7 belong to compounds with the 2:1 metal to nonmetal ratio. In the 

crystal structure of a representative compound, YCo5As3 (Table 6.4 and Figure 6.15), all 

coordination polyhedra are slightly distorted because each of them contains two or three As 

atoms at different Wyckoff positions. A view along the [100] direction reveals dimers of edge-

sharing CoAs4 (Co1, Co2) tetrahedra which are connected into columns via edge-sharing with 
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CoAs5 (Co3) square pyramids (Figure 6.15a). The Co-As distances vary from 2.283(1) Å to 

2.4148(7) Å in tetrahedra and from 2.381(2) Å to 2.6499(8) Å in square pyramids. The Co-Co 

distances to the atoms in the next such column are in the range of 2.603(1)-2.8727(1) Å. 

Accordingly, these chains adopt a layer-like arrangement parallel to the (010) plane (Figure 

6.15b).  

     
Table 6.4 Atomic parameters of the crystal structure of YCo5As3. 

Atom Wyckoff site x y z s.o.f. Ueq 

Y1 4c 0.29682(5) 0.25 0.91689(6) 1 0.0054(2) 

Co1 4c 0.01126(7) 0.25 0.40707(9) 1 0.0055(6) 

Co2 4c 0.06751(7) 0.25 0.03096(8) 1 0.0049(7) 

Co3 4c 0.01080(8) 0.25 0.78901(9) 1 0.0075(8) 

Co4 4c 0.30443(7) 0.25 0.61588(9) 1 0.0051(6) 

Co5 4c 0.32166(7) 0.25 0.21412(8) 1 0.0055(7) 

As1 4c 0.38528(5) 0.25 0.41417(6) 1 0.0046(2) 

As2 4c 0.11066(5) 0.25 0.59855(6) 1 0.0045(3) 

As3 4c 0.12891(5) 0.25 0.23193(6) 1 0.0047(3) 

 
A similar layer of chains can also be formed by chains built of CoAs4 (Co4, Co5) 

tetrahedra (Figure 6.15c). The chains contains the corner- and edge-sharing tetrahedra and 

propagates in the [001] direction. The Co-As distance in the tetrahedra changes from 2.282(1) Å 

to 2.413(7) Å, in the range similar to distances observed in the Co1- and Co2-centered 

tetrahedra. The nearest interchain Co4-Co5 distance is 2.6636(9) Å. 

The assembly of the two types of columns into a stacked pattern generates trigonal-

prismatic voids that are filled with Nd atoms in the As6 coordination environment (Figure 6.15f). 

These NdAs6 trigonal prisms share trigonal faces along the [010] direction (Figure 6.15e), with 

Nd-As distances ranging from 2.8925(8) Å to 2.9465(7) Å.  

We described the structures of both RCo5As3 and R2Co12As7as beign constructed by Co- 

and Nd-centered polyhedra of As atoms. The neighboring Co-Co distances in both structures are 

between 2.6 Å and 2.9 Å, which are similar to the distances obsered in RCo2As2. In contrast to 

R2Co12As7, the description of the crystal structure of RCo5As3 invoked not only CoAs4 polyhedra 

but also CoAs5 square pyramids.  
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6.3.2 Magnetic Properties 
 

Although the compounds RCo5As3 (R = Y, Gd- Er) are known, their magnetic properties 

have never been reported. Having obtained phase-pure samples of these materials, we set out to 

perform magnetic measurements on polycrystalline samples since sufficiently large single 

crystals were not available.  

Temperature-dependent ZFC and FC magnetic susceptibilities of RCo5As3 (R = Y, Ce, 

Pr, Nd, Sm, Gd) do not show any signatures of long-range magnetic ordering at higher 

temperatures, suggesting the lack of magnetic ordering in the Co sublattice (Figure 6.16). This is 

similar to the properties of GdCo5P3 and GdCo3P2, but contrasts with the FM ordering of Co 

moments observed in R2Co12As7. For YCo5As3 and GdCo5As3, the large magnetic moments at 

higher temperatures might indicate the presence of impurity with high ordering temperature 

(>300 K), despite the phase purity of the samples established by powder X-ray diffraction 

analysis. In the low-temperature range, the samples with R = Ce, Nd, Sm exhibit abrupt increase 

in magnetic susceptibility which might indicate a magnetic ordering due to R moments. Further 

studies with other characterization techniques are required to verify this hypothesis.  

 

 

Figure 6.16 Temperature dependence of ZFC and FC magnetization at 0.1 T for RCo5As3 (R = 
Y, Ce, Pr, Nd, Sm, Gd). 
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PrCo5As3 is an abnormal case in the RCo5As3 series, because it shows obvious AFM 

ordering at 18 K. The low ordering temperature suggests the transition takes place due to the 

ordering of Pr moments. The value of the ordering temperature is also similar to those found for 

Pr2Co12As7 (20 K) and PrCo2As2 (25 K).  The field dependent magnetization shows a linear 

behavior (Figure 6.17), which also confirms the AFM ordering. A metamagnetic transition 

occurs at 5 T which may be attributed to the reorientation of Pr moments under high magnetic 

field. The later members of the RCo5As3 series, with R = Tb-Yb, demonstrate only paramagnetic 

behavior (Figure 6.18). 

 

 

Figure 6.17 (a) Field dependence of magnetization at 1.8 K for PrCo5As3.   
 

 

Figure 6.18 Temperature dependence of ZFC and FC magnetization at 0.1 T for RCo5As3 (R = 
Tb-Yb). 
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6.3.3 Electronic Structure Calculations 
 

Seeking to understand the reasons for the different magnetic behavior of RCo5As3 and 

R2Co12As7, we performed electronic structure calculations on YCo5As3 and Y2Co12As7 using the 

TB-LMTO-ASA approach. The non-magnetic calculations revealed that the main contribution to 

the DOS at the Fermi level comes from the Co orbitals. A strong DOS peak is located slightly 

below the Fermi level in YCo5As3, while it crosses the Fermi level in Y2Co12As7 (Figure 6.19). 

Consequently, the product of the Co magnetic exchange constant and the DOS at the Fermi level 

is 0.9 for YCo5As3 and 1.7 for Y2Co12As7. According to the Stoner criterion, Y2Co12As7 should 

show ferromagnetism, while YCo5As3 should not.6 This finding justifies the lack of magnetic 

ordering in the Co sublattice of the RCo5As3 materials. 

 

 
Figure 6.19 DOS plots of YCo5As3 (a) and Y2Co12As7 (b). 

 
6.4 Conclusions 

 

The work described in this chapter demonstrates that Bi flux can be used as an effective 

reaction medium for the synthesis of ternary arsenides, A2Co12As7 (A= Ca, Y, Ce-Yb) and 

RCo5As3 (R = Y, Ce-Yb). The reactions are usually complete within 7-10 days, and in the 

majority of cases single-phase products can be obtained. All RCo5As3 compounds crystallize in 

the YCo5P3 structure type with the space group Pnma, while all R2Co12As7 compounds 

crystallize in the space group P63/m variant of the Zr2Fe12P7 structure type. On the microscale, 

the crystal structure of R2Co12As7 consists of domains characterized by the short-range P 6̅ 
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symmetry. The study of these materials by transmission electron microscopy supported the 

structural model established from the single-crystal X-ray diffraction data.  

The successful synthesis of phase-pure R2Co12As7 materials allowed investigation of their 

magnetic properties. In general, the Co sublattice exhibits FM ordering at 100-140 K, similar to 

the behavior of R2Co12P7, in which the Co moments exhibit FM ordering at 140-160 K. The 

lower-temperature magnetic behavior depends on the identity of lanthanide element. The 3d-4f 

exchange coupling is AFM for R = Pr-Sm, but changes to FM for R = Eu-Tm. This finding also 

agrees with the results of earlier determination of magnetic structures of R2Co12P7 (R = Pr, Nd, 

Ho) by neutron diffraction, which revealed AFM Pr-Co and Nd-Co coupling and FM Ho-Co 

coupling.96i Thus, we observe the change in the character of 3d-4f magnetic exchange at half-

filling of the 4f shell. This is similar to observations made in other series of 3d-4f 

intermetallics,5,8,103 although the sign of exchange (FM or AFM) can be different depending on 

the particular structure of a series.25 

Compounds with Ce, Eu, and Yb stand out from the general trend in the magnetic 

properties of R2Co12As7, due to the mixed valence of these metals, which at 294 K exhibit the 

average oxidation states of +3.20, +2.47, and +2.91, respectively, as established by XANES 

spectroscopy. The deviation in magnetic properties is rather minor in the case of Eu2Co12As7, 

which only exhibits somewhat higher ordering temperature than its Sm- and Gd-containing 

neighbors. Ce2Co12As7, however, shows FM 3d-4f exchange, which contrasts with 

ferrimagnetism established for the other R2Co12As7 materials with the less than half-filled 4f 

shell. The FM exchange in Ce2Co12As7 and AFM one in Nd2Co12As7 were also confirmed by 

polarized neutron scattering experiments. Finally, in the case of Yb2Co12As7, we could not find a 

clear signature of Yb contribution to the magnetic ordering. This effect might stem from 

delocalization of the Yb electron density through the 3d-5d hybridization, although further 

studies are required to understand the observed behavior. 

The rich magnetic behavior observed for R2Co12As7 is not seen in the RCo5As3 systems. 

Most RCo5As3 phases are paramagnets, similar to the behavior of RCo5P3. PrCo5As3 is the only 

example showing AFM ordering and metamagnetiс transition due to Pr sublattice. Electronic 

structure calculations of YCo5As3 and Y2Co12As7 show that the DOS at the Fermi level is lower 

in YCo5As3 than in Y2Co12As7. As a result, Y2Co12As7 satisfies the Stoner criterion of 

ferromagnetism while YCo5As3 does not. It should be pointed out that the number of known 
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ternary structures in the R-Co-As systems is much smaller than the number of known R-Co-P 

materials. Therefore, we believe the use of Bi flux will afford the synthesis of other rare-earth 

cobalt arsenides and the growth of single crystals of these materials, which in turn will allow the 

detailed investigation of their physical properties. 
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CHAPTER 7 
 

MAGNETOCALORIC EFFECT IN ALFE2B2 
 

 
7.1 Introduction 

 

Magnetic refrigeration is a promising, environmentally friendly technology that provides 

appealing energy-conversion efficiencies.44 It relies on the magnetocaloric effect (MCE) 

discovered by Warburg in 1881104 and defined as a reversible change in the magnetic component 

of total entropy (and temperature) of a material upon application or removal of magnetic field. 

Since pioneering works of Giauque and Debye,105 this effect has been used to achieve sub-

Kelvin temperatures by adiabatic demagnetization of paramagnetic salts.106 The discovery of a 

giant MCE in Gd5Si2Ge2 near room temperature107 has led to an explosion of research activities 

in this area, in the effort to implement magnetic refrigeration as a viable replacement for the 

current gas compression-expansion technology.44, 108 Nevertheless, a practically applicable 

magnetocaloric material that could provide sustainable operation in the magnetic field created by 

strong permanent magnets (< 2 Tesla) is yet to be found. 

At present, 15 years after the initial report of giant MCE in Gd5Si2Ge2,
107 only a handful 

of compounds have matched or approached its performance. Most prominent materials with 

giant MCE around room temperature include MnFe(P1–xAsx), FeRh, LaFeSi13, Heusler alloys, 

and their substituted variants.109 Importantly, all of them are magnetically soft, resulting in 

minimal hysteresis losses, which would be detrimental to the cooling effect. We also note that all 

these materials exhibit itinerant magnetism that emerges from spin polarization of the electronic 

band structure at the Fermi level. 

Metal borides are often thought of as magnetically hard materials, obviously, due to the 

famous Nd2Fe14B – the strongest permanent-magnet material known.89 This magnetic hardness, 

however, stems from the strong anisotropy of the rare-earth sublattice. Indeed, most transition 

metal borides are soft magnets, and imparting magnetic hardness to rare-earth-free borides 

represents another fundamental research challenge.110 

Interested in the possibility to observe a large MCE in systems significantly different 

from the ones explored heretofore, we thus turned our attention to transition metal borides. The 

simplest borides, such as FeB or MnB, are not appropriate for this purpose, because of very high 
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ferromagnetic ordering temperatures (598 K111 and 562 K,112 respectively). It is desirable to 

“dilute” the magnetic sublattice of these materials, in order to bring the magnetic phase transition 

to room temperature. In 1969, Jeitschko reported the structure of AlFe2B2 and suggested that this 

material might be ferromagnetic.113 As we will show below, this prediction is also supported by 

band structure calculations. Indeed, a recent report demonstrated ferromagnetic ordering in 

AlFe2B2 around 300 K, but did not elucidate its magnetization and magnetocaloric properties.48 

Furthermore, the magnetic measurements were performed on a material contaminated with 

notable impurities, which precludes an accurate evaluation of its MCE. 

This light-weight material appears especially appealing to us, given its being composed 

of earth-abundant, benign reactants. Herein, we report the synthesis of phase-pure AlFe2B2 by 

two different synthetic methods and a detailed investigation of its magnetic behavior and 

magnetocaloric properties. We demonstrate that this compound exhibits a significant MCE, thus 

identifying another class of solids for the exploration of novel magnetic refrigerants. 

 

7.2 Results and Discussion of AlFe2B2 

 

7.2.1 Synthesis and Crystal Structure 

 

Synthesis. AlFe2B2 (1a) was obtained as a major phase after arc-melting a compact pellet 

of Al, Fe, and B pre-mixed in the 3:2:2 ratio. A significant amount of Al13Fe4 is present as a 

byproduct (Figure 7.1a), as was also observed in the earlier report.48 Decreasing the amount of 

Al in the reactant mixture to the stoichiometric amount results in the formation of FeB 

byproduct, which is difficult to separate from AlFe2B2. We determined that the 3:2:2 ratio of 

Al:Fe:B prevents the formation of FeB while still keeping the content of Al13Fe4 relatively low. 

The latter is easily removed by treating the mixture with a dilute HCl solution for ~10 min 

(Figure 7.1b). AlFe2B2 also reacts with dilute HCl but at much slower rate. The intensity 

redistribution observed in the PXRD pattern of 1a as compared to the theoretically calculated 

one (Figure 7.1d) stems from preferred orientation of crystallites evidenced by the enhancement 

of (0k0) lines in the experimental pattern of 1a. 

In an attempt to obtain AlFe2B2 by an alternative synthetic technique, we explored the 

reaction between the constituent elements in Ga flux. It was proposed that Ga could serve as a 

promising medium for the preparation of borides because it dissolves elemental boron without 

forming any binary Ga-B compounds.94 (We have recently demonstrated the effectiveness of a 
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similar approach to the preparation of arsenides from Bi flux).30 Indeed, a reaction in Ga flux, 

with subsequent removal of Ga by centrifugation and I2/DMF treatment, led to a phase-pure 

sample of AlFe2B2 (1b, Figure 7.1c). The experimental PXRD pattern is in good agreement with 

the one calculated from the crystal structure of AlFe2B2.
113 Sample 1b was obtained as fine 

powder as compared to sample 1a that was obtained as an ingot and ground manually. Thus, the 

absence of preferred orientation in the PXRD pattern of 1a most probably was introduced by 

grinding the sample after are-melting. Thus, the absence of preferred orientation in the PXRD 

pattern of 1b might be explained by the difference in the particle size of the samples. 

 

 
Figure 7.1 X-ray powder diffraction patterns of AlFe2B2 obtained by arc-melting a mixture of 
elements (a), after treating the products of arc-melting with dilute HCl for ~10 min (b; sample 
1a; the enhanced (0k0) reflections are indicated), and by the reaction between elements in Ga 
flux (c; sample 1b). A pattern calculated based on the crystal structure of AlFe2B2

113 is shown for 
comparison (d). 
 

Table 7.1 Unit cell parameters and volume of AlFe2B2. 
Sample a, Å b, Å c, Å V, Å3 

AlFe2B2 (1a) 2.935(2) 11.07(1) 2.875(3) 93.39 
AlFe2B2 (1b) 2.941(3) 11.08(1) 2.885(3) 93.98 
AlFe2B2

113
 2.923 11.034 2.870 92.58 

AlFe2B2
114

 2.923 11.046 2.875 92.83 
 

Crystal Structure. AlFe2B2 crystallizes in an orthorhombic lattice. The unit cell 

parameters refined from the PXRD data (Figure E.1) agree well with those reported 

independently by Jeitschko113 and Kuz’ma and Chaban114 (Table 7.1). The layered structure of 

this compound is reminiscent of well-known ternary structure types of the same stoichiometry, 

ThCr2Si2 and CaAl2Si2, in which slabs of [Cr2Si2] and [Al2Si2], respectively, alternate with the 
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layers of electropositive metal atoms. The build-up of AlFe2B2, however, is significantly 

different in that the non-metal B atoms appear in the middle of the [Fe2B2] slab, and the slabs do 

not exhibit tetragonal symmetry. The [Fe2B2] layer can be viewed as built of infinite zigzag 

chains of B atoms that run along the a axis, with each B atom forming two B–B bonds at 1.74 Å. 

When viewed along the c axis, these chains appear as a corrugated layer (Figure 7.2a). Fe atoms 

are positioned between the chains, above and below this layer, in such a way that they “stitch” 

the boron chains into the two-dimensional slab. Each Fe atom forms six Fe–B bonds with B 

atoms from two neighbor chains (Figure 7.2b). Thus, each individual Fe layer has an 

approximate tetragonal symmetry, but the top and bottom Fe layers in the same [Fe2B2] slab are 

shifted with respect to each other along the a axis to satisfy the bonding requirements of the 

boron zigzag chains. The [Fe2B2] slabs are alternating along the b axis with layers of Al atoms 

(Figure 7.2c). Each Al atom is surrounded by a distorted cube of Fe atoms and two axial B 

atoms, with Al–Fe and Al–B interatomic distances of 2.61 Å and 2.29 Å, respectively. 

 

 

Figure 7.2 The crystal structure of AlFe2B2: zigzag chains of B atoms (a) are connected into a 
two-dimensional slab by Fe atoms (b), and the slabs are separated by layers of Al atoms (c). 
Color scheme: Al = grey, Fe = red, B = blue. 
 

7.2.2 Electronic Structure. 

 

The electronic band structure of AlFe2B2 was calculated at the density-functional level of 

theory using the FPLO code. The calculated non-polarized DOS exhibits a strong maximum at 

the Fermi level, mainly due to the contribution from Fe 3d states (Figure 7.3). The Stoner 

criterion for ferromagnetism is formulated as J·n(EF) > 1,6 where J is a measure of the magnetic 

exchange interaction between 3d metal ions and n(EF) is the DOS at the Fermi level. The value 
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of J can be taken approximately equal to the one reported for elemental Fe, 0.46 eV,75 resulting 

in J·n(EF) ≈ 1.03 per Fe atom. Thus, the Stoner criterion is satisfied and one could expect 

AlFe2B2 to exhibit FM ordering. Consequently, we performed spin-polarized band structure 

calculations that led to the expected magnetic moment of 1.25 B per Fe atom. 

 

 

Figure 7.3 Non-polarized (left) and spin-polarized (right) electronic density of states for 
AlFe2B2. The contribution from the Fe 3d orbitals is shown in green. The Fermi level is indicated 
with a dotted line. 
 

7.2.3 Magnetic Properties 

 

 

Figure 7.4 Temperature dependence of magnetic susceptibility for AlFe2B2 obtained by arc-
melting (1a) and by synthesis in Ga flux (1b). Inset: field-dependent magnetization measured at 
1.8 K. 
 

The magnetic measurements were performed on polycrystalline samples of AlFe2B2 

obtained by arc-melting (1a) or by annealing in Ga flux (1b). For both samples, a spontaneous 

magnetization is observed, indicating FM phase transition at 282(1) K and 307(1) K, respectively 
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(Figure 7.4). The accurate values of TC were established from Arrott plots as corresponding to 

the isotherm at which the change in the curvature of the M
2 vs H/M dependence is observed 

(Figure E.2). The field-dependent magnetization measurements performed at 1.8 K revealed 

negligible coercivity, indicating that AlFe2B2 is a soft ferromagnet (Figure 7.4, inset). The 

saturation magnetization values measured for 1a and 1b were 1.15 B and 1.03 B per Fe atom, 

respectively, which are in good agreement with the theoretically predicted value of 1.25 B per 

Fe atom. The slight difference in the ordering temperature and saturation magnetization of 1a 

and 1b, most probably, stems from the different post-synthesis treatment of the samples, as 

mentioned in the discussion of the PXRD patterns. 

 

7.2.4 Mössbauer Spectroscopy 

 

 
Figure 7.5 Mössbauer spectra recorded for polycrystlline AlFe2B2 (sample 1a) at various  
different temperatures at 0 T(a), and vairable fields at 4 K (b). The vertical arrows in the vertical 
blue arrows in the 2-T spectrum of AlFe2B2 indicate the ΔmI = 0 resonances. 

 
The FM ordering of AlFe2B2 is also confirmed by Mössbauer spectra recorded at 295, 86, 

and 4 K (Figure 7.5a). At 295 K, the observed doublet is indicative of paramagnetic behavior of 

AlFe2B2. At 86 and 4 K, the observation of the six-line hyperfine splitting pattern in zero field 
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indicates the presence of a spontaneous magnetic field acting on the 57Fe nuclei. Consequently, 

we ascribe the sextet to a FM phase. 

In order to gain insight into the electronic structures of FM, we studied the field-

dependent behavior, the effect of the applied field on the hyperfine splitting of the FM 

component (Figure 7.5b). In the presence of external magnetic fields, the observed hyperfine 

splitting arises from the Zeeman interaction of the nuclear spin I with an effective field, Heff, that 

results from the vector sum of the applied external field, Hext, and the internal field, Hint. 

Evidently, for a ferromagnetic material in the absence of an applied field Heff = Hint ≠ 0. 

Furthermore, �int = − � ̂ � �⁄ , where A is the hyperfine coupling constant and ̂  is the 

expectation value of electronic spin operator S. While ̂  is proportional to the magnetization 

M(Bext,T) and accounts for the contribution of the electron spins to the hyperfine splitting, the 

hyperfine coupling tensor A accounts for the electronic structure of the iron site. Consequently, 

in zero field the hyperfine splitting observed for the FM fractions depends both on the magnitude 

of the spontaneous magnetization, M(0, T) and on the alteration of A. While the low-temperature 

measurements performed in zero-field only afford an estimate of the magnitude of the 

spontaneous field, field-dependent measurements allow us to determine the relative orientation 

of Hint with respect to Hext and thus establish the sign of A. For insulators, the A-tensor includes 

three contributions. Among them, the isotropic Fermi contact (AFC) is negative and dominant, 

accounting for the polarization of the inner s-electrons by the unpaired d-electrons. The two 

additional contributions, spin-dipolar (ASD) and orbital (AL), are relatively small. In contrast, for 

metallic ferromagnets the contribution of the conduction-band electrons (Acond) must be also 

considered. In particular, the polarization of the s-like conduction electrons and their mixing into 

the partially filled magnetic 3d bands leads to a large positive Acond contribution to the A-

tensor.115 Typically, we find that the large negative Fermi contact term dominates the A-tensor, 

and therefore the internal field opposes the external one. Accordingly, as Hext is increased we 

observe a reduction in the hyperfine splitting.  

Indeed, overall width of the hyperfine splitting pattern decreases with the applied field, 

and hence A < 0 (Figure 7.5b). At Hext = 8 T the experimental spectrum consists of a single 

broadened line, indicating that Heff  0 T and Hint  –8 T. The drop in the intensities of these 

resonance lines with increasing field indicates a field-induced reorientation of the electronic 

spins to become parallel to the applied field and incident γ-beam. The field-induced decrease in 



116 

the overall hyperfine splitting pattern of AlFe2B2 indicates the presence of a negative hyperfine 

coupling constant. 

A comparison of the spectra obtained for AlFe2B2 at 0 and 2 T (Figure 7.5b) shows that 

the applied field induces not only a decrease in the overall magnitude of the hyperfine splitting 

but also a dramatic alteration of the underlying pattern. Specifically, the middle lines of the 0-T 

spectrum, corresponding to ΔmI = 0 transitions (arrows), become partially quenched in the 2-T 

spectrum and vanish at higher fields. Thus, while in zero field the spectrum exhibits the common 

3:2:1 pattern, at 2 T the spectrum displays a 2.6:0.4:1 pattern. The observed drop in the relative 

intensities of the ΔmI = 0 lines, can be understood as originating from both a field-induced spin 

reorientation and a field-induced decrease in the magnetic anisotropy of the electronic system. 

Consequently, while the 3:2:1 hyperfine splitting pattern observed in zero-field is indicative of a 

randomly oriented ensemble of electronic spins with uniaxial magnetic properties, the patterns 

observed at B 2 T indicate that for these fields the electronic spins are aligned along the applied 

field, in agreement with the magnetization data obtained at 1.8 K (Figure 7.4, inset). 

 

7.2.5 Magnetocaloric Effect 

 

The FM ordering near room temperature and magnetic softness of AlFe2B2 incited us to 

evaluate its magnetocaloric properties. The magnetic entropy change was calculated from 

magnetization isotherms recorded in the range of 252-308 K for 1a (Figure 7.6a) and 288-332 K 

for 1b (Figure E.3a). The integral in the Maxwell equation, ∆ , ∆� = ∫ ���� � ���max ,                                    (1) 

was approximated by a sum, ∆ �, ∆� = ∑ � −� −1� −� −1 ∆��max ,                                     (2) 

where the change in the magnetic entropy for each temperature increment, � − �− , was 

calculated by summing the incremental changes in the magnetization, �� − ��− , produced by 

the stepwise (H) increase in the magnetic field from 0 to Hmax. The maximum entropy change is 

observed around TC, with the calculated values of 4.4(3) and 7.3(5) J kg–1K–1 for 1a and 4.1(3) 

and 7.7(6) J kg–1K–1 for 1b at Hmax = 2 T and 5 T, respectively. Using the calculated values of 

Sm, one can also estimate the relative cooling power, RCP, as the product of the maximum 
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value of -Sm and the full-width at half-maximum (FWHM) of the Sm peak (Figure 7.6b). The 

RCP values thus obtained are listed in Table 7.2. 

The adiabatic temperature change (ΔTad) can be calculated as an isentropic difference 

between two S(H,T) curves measured at constant magnetic field. The S(0, T) curve was derived 

from isofield heat capacity measurements on sample 1a as �, =  ∫ � �,��� �  (Figure E.4). 

Since Since ΔSm(H,T) was determined from magnetization measurements (Figure 7.6), the S(H 

= 2 T) and S(H = 5 T) curves were obtained by subtracting the ΔSm(H,T) values from S(0,T) 

values measured at the same temperature (Figure E.5). Once the total isofield entropy curves 

were established as a function of temperature, the ΔTad was found as the isoentropic difference 

between S(H = Hmax) and S(H = 0 T), resulting in ΔTad = 1.8 and 3.0 K at Hmax = 2 and 5 T, 

respectively (Figure E.6). 

  

 

Figure 7.6 (a) Magnetization isotherms for AlFe2B2 obtained by arc-melting (sample 1a). (b) 
The magnetic entropy changes calculated for the magnetic field change of 2 T and 5 T. (See 
Figure E.3 for magnetocaloric data of sample 1b.) 
 
Table 7.2 Magnetic and magnetocaloric characteristics of samples 1a and 1b in comparison to 
benchmark materials. 

Compound TC, K 
-ΔSm, J Kg-1 K-1 

2T / 5T 
ΔTad, K 
2T / 5T 

RCP, J Kg-1
 

2T / 5T 

AlFe2B2-1a 282 4.4 / 7.3 1.8/ 3.0 88 / 210 
AlFe2B2-1b 307 4.1 / 7.7  53 /162 
Gd5Si2Ge2 276 14 / 19 7.3 / 15 126/460 

MnFeP0.45As0.55 300 14.5 / 18 - 174/414 
PrMn2Ge0.8Si1.2 303 1.0/ 2.2 - - 
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7.3 Conclusions 

 

The values of Sm and Tad obtained for AlFe2B2 are lower than those tabulated for such 

benchmarks as Gd5Si2Ge2 and MnAs (Table 7.2). Nevertheless, it is essential to point out that (1) 

AlFe2B2 is composed of light, earth-abundant elements, and (2) the MCE of AlFe2B2 exceeds the 

values reported for any boride or any 1-2-2 type intermetallics heretofore. As noted above, 

transition-metal borides remain essentially unexplored vis-à-vis their magnetocaloric properties. 

The results reported herein clearly demonstrate the potential of this class of materials to exhibit 

large MCE. In this vein, we have searched for other materials whose band structure, similar to 

AlFe2B2, would exhibit a high DOS peak at the Fermi level, which is a pre-requisite for itinerant 

ferromagnetism. Our preliminary calculations indicate that compounds RFe2B2 (R = Y, Gd) also 

should exhibit ferromagnetic ordering. The synthesis of these borides and investigation of their 

magnetic behavior are currently underway in our laboratories. 
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CHAPTER 8 

 

CONCLUSIONS AND OUTLOOK 

 

 
The goal of this dissertation was to reveal the interplay between the crystal structure, 

electronic structure, and magnetic properties in rare-earth cobalt arsenides and AlFe2B2. To reach 

these objectives, we carried out detailed studies on ACo2As2 (R = La, Ce, Pr, Nd, Eu, Ca), Ca1-

xEuxCo2As2, R2Co12As7, RCo5As3, and AlFe2B2 materials by using a plethora of characterization 

techniques described in Chapter 2. Due to the lack proper synthetic pathways, numerous efforts 

were devoted to obtaining phase-pure samples of ACo2As2 and AlFe2B2.  

In Chapter 3, we established Bi flux as an effective reaction medium for the preparation 

of ternary arsenides, RCo2As2 (R = La, Ce, Pr, Nd), with the incorporation of Bi in the R (R = 

La, Ce) sites and formation of Co vacancies in the structures. All the RCo2As2 exhibit FM 

ordering of Co magnetic moments which align along the tetragonal c axis. In CeCo2As2, Ce 

magnetic moments also show FM ordering at lower temperature, coupling FM to the Co 

moments. In contrast, FiM ground states are stabilized at lower temperature for the Pr- and Nd-

containing samples. At 1.8 K, PrCo2As2 exhibits two successive metamagnetic transition, which 

were shown to arise first from the disappearance of  discrepancy between magnetic moments of 

(0,0,0) and (½,½,½) Pr sites  and then from the flip of Co spins to become parallel to the Pr 

moments. NdCo2As2 show magnetic behavior similar to that of PrCo2As2, and therefore further 

detailed study of this compound is also of interest. Due to the lack of phase-pure samples of 

NdCo2As2, a reliable synthetic method should be devised to obtain a phase-pure material and/or 

large single crystals for magnetic measurements and other characterization techniques. 

The method used for the synthesis of RCo2As2 (R = La, Ce, Pr, Nd) was also applied to 

synthesize ACo2As2 (A = Eu, Ca). The latter materials exhibit AFM ordering at 47 K and 74 K, 

respectively. In Chapter 4, we showed that under physical pressure above 4.6 GPa EuCo2As2 

exhibits mixed valence of Eu and FM ordering of Eu (4f) and Co (3d) moments with TC =125 K. 

The pressure-induced mixed valence causes electron doping into the Co2As2 layers, thus 

increasing the density of states in the Co 3d subband at the Fermi level and triggering the FM 

ordering of Co moments. The itinerant 3d ferromagnetism in the Co sublattice was also 

indirectly established by the investigation of Ca0.9Eu0.1Co1.91As2 and Ca0.85La0.15Co1.89As2, in 
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which the donation of electrons into the Co 3d subband takes place via chemical compression 

and direct electron doping, respectively. Having observed the strong response of magnetic 

behavior in ACo2As2 (A = Eu, Ca) to physical or chemical pressure, we extended the study to the 

entire series of solid solutions Ca1-xEuxCo2As2. The mixed valence state of Eu is induced in these 

structures due to the chemical complression stemming from the different radii of Eu2+ and Ca2+ 

ions. The electrons transfer from the mixed Ca/Eu site to the Co2As2 layer perturbs the electronic 

structure of the parent compound, CaCo2As2, and changes the magnetic properties dramatically. 

In contrast to the AFM ordering of Co moments in CaCo2As2, FM ordering of Co and Eu 

moments was observed in Ca1-xEuxCo2As2 (0 < x ≤ 0.65), with FM  3d-4f exchange. At higher Eu 

contents, the itinerant FM ordering in the Co sublattice vanishes and the Eu magnetic moments 

become AFM ordered in Ca1-xEuxCo2As2 (0.65 < x ≤ 1). The evolution of magnetic properties in 

this series is caused by the synergistic effect of structural change, Eu valence variation, and 

electron transfer chemical pressure. Based on this study, we expect that Co ferromagnetism can 

also be achieved in systems such as Ca1-xRxCo2As2 (R = La, Ce, Pr, Nd, Sm), Ca1-xEuxCo2P2, 

Eu1-xRxCo2As2 (R= La, Ce, Pr, Nd, Sm), and CaCo2-xNixAs2. 

In Chapter 6, we extended the studies of rare-earth cobalt arsenides to more complex 

structures of R2Co12As7 and RCo5As3. In R2Co12As7, the Co sublattice exhibits FM ordering at 

100-140 K, and the lower-temperature magnetic behavior depends on the identity of lanthanide 

element. The 3d-4f exchange coupling is AFM for R = Pr-Sm, but changes to FM for R = Eu-

Tm. The RCo5As3 materials behave quite differently. With the exception of the low-temperature 

AFM ordering of Pr moments in PrCo5As3, the rest of them are paramagnets. The different 

magnetic behavior in the Co sublattice of R2Co12As7 and RCo5As3 was theoretically justified as 

related to the 3d density of states at the Fermi level in the electronic structures. This study 

enriched the family of ternary rare-earth cobalt arsenides, the magnetic properties of which were 

generally unknown prior to our work. We believe the use of Bi flux will afford the synthesis of 

other rare-earth cobalt arsenides, such as RCoAs, RCo3As2, RCo8As5, R2Co4As3, R5Co9As12, 

RCo4As12, and R6Co30As19, in the analogy with known rare-earth cobaly phosphides.    

Based on the understanding of the ways to tune magnetic properties via modifying the 

crystal and electronic structures, we theoretically predicted FM ordering in AlFe2B2, another 

layered-structure material. Indeed, this compound shows FM ordering near room temperature 

and might prove to be a  potential magnetic refrigerant. The magnetocaloric effect was measured 
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by evaluating values of Sm and Tad for AlFe2B2. While these values are lower than those 

tabulated for such benchmark materials as Gd5Si2Ge2 and MnAs, it is essential to point out that 

(1) AlFe2B2 is composed of light, earth-abundant elements, and (2) the MCE of AlFe2B2 exceeds 

the values reported for any boride or any 1-2-2 type intermetallics heretofore. Other transition-

metal borides also remain essentially unexplored vis-à-vis their magnetocaloric properties. The 

results reported herein clearly demonstrate the potential of this class of materials to exhibit large 

MCE. In this vein, we have searched for other materials whose band structure, similar to 

AlFe2B2, would exhibit a high DOS peak at the Fermi level, which is a pre-requisite for itinerant 

ferromagnetism. Our preliminary calculations indicate that compounds RFe2B2 (R = Y, Gd) also 

should exhibit FM ordering. The synthesis of these borides may require exploring various 

synthetic methods such as high temperature solid state reaction, induction technique, Cu flux, 

etc.   

Overall, the study of ternary intermetallic rare-earth cobalt arsenides and transition-metal 

borides performed herein revealed strong correlations between their structural, electronic, and 

magnetic properties. The new phase-pure material obtained by metal-flux reactions demonstrate 

interesting magnetic behaviors and enrich our knowledge on the families of rare-earth cobalt 

pnictides and transition-metal borides. The pressure study of ThCr2Si2 structure type also reveals 

the flexibility of the crystal structure, and the sensitivity of magnetic properties to even subtle 

changes in the electronic structure. The knowledge obtained from this work can be 

systematically applied to investigate other systems that exhibit itinerant magnetism. 
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APPENDIX A 
 

CHAPTER THREE: TABLES AND FIGURES 
 

 

 
Figure A.1 X-ray powder diffraction pattern of oriented plate-like single crystals of 
Ce0.95Bi0.05Co1.85As2. 
 

 

Figure A.2 X-ray powder diffraction pattern of NdCo1.7As2. 
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Figure A.3 L3-Ce XANES spectra of Ce0.95Bi0.05Co1.85As2  at variable temperatures. 
 

Table A.1 Average Ce oxidation state obtained from fitting XANES spectra for 
Ce0.95Bi0.05Co1.85As2. 

T, K Ce valence 

10 3.07(1) 

25 3.08(1) 

75 3.08(1) 

86 3.06(1) 

100 3.07(1) 

300 3.06(1) 

 

 

Figure A.4 XANES spectra of La0.97Bi0.03Co1.9As2 at 300 K (a) and PrCo1.8As2 at 300 and 7 K 
(b). 
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Figure A.5 Field dependence of magnetization of PrCo1.8As2 single crystal at 1.8, 30, and 100 K 
with the magnetic field applied parallel to the ab plane.  

 
Table A.2 Parameters of crystal structure refinement for La0.97Bi0.03Co1.9As2 and 
Ce0.95Bi0.05Co1.85As2 based on neutron powder diffraction data. 

Compound , Å T, 

K 

Refined 

composition 

a, Å c, Å RF 2 

La0.97Bi0.03Co1.9As2 1.536 300 LaCo1.73As2 4.0592(1) 10.4830(5) 4.34 2.09 

Ce0.95Bi0.05Co1.85As2 1.536 200 CeCo1.8As2 4.0396(2) 10.2202(5) 4.55 2.00 

 

 
Figure A.6 Simulated neutron powder diffraction patterns for magnetically ordered CeCo1.8As2. 
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Figure A.7 Rietveld refinement of non-polarized neutron powder diffraction data for PrCo1.8As2 

at 75 K. (Co3Pr was included to fit the small peaks around 68˚). 
 

 
Figure A.8 Rietveld refinement of non-polarized neutron powder diffraction data for PrCo1.8As2 

at 1.5 K and 7 T. (Co3Pr and Al phases are also included). 
 

 
Figure A.9  Field dependence of intergrated intensity of (100) reflection. 
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APPENDIX B 
 

CHAPTER FOUR: TABLES AND FIGURES 
 

 
Table B.1 Data collection and structure refinement parameters for Ca0.9Eu0.1Co1.91As2 and 
Ca0.85La0.15Co1.89As2.

a
 

Nominal 
composition 

EuCo2As2 CaCo2As2 Ca0.9Eu0.1Co2As2 Ca0.9La0.1Co2As2 

Refined formula EuCo2As2 CaCo1.87(1)As2 
Ca0.901(3)Eu0.099(3) 

Co1.906(8)As2 
Ca0.845(4)La0.155(4) 

Co1.88(1)As2 
Ca:R(EDX)    0.88(1) : 0.12(1) 0.84(2) : 0.16(2) 
Temperature 293 K 293 K 293 K 293 K 
, Å 0.71073 0.71073 0.71073 0.71073 
Space group I4/mmm I4/mmm I4/mmm I4/mmm 
Unit cell a, Å 3.929(1) 3.9927(2) 3.9984(2) 4.0018(2) 
c, Å 11.512(4) 10.3133(6) 10.3696(2) 10.3726(8) 
V, Å3

 177.8(1) 164.42(1) 165.79(9) 166.11(2) 
Z 2 2 2 2 
Crystal size, 
mm3

 
0.05×0.05×0.02 0.03×0.02×0.02 0.06×0.04×0.01 0.06×0.03×0.02 

calc, g cm–3 7.843 6.217 6.390 6.351 
, mm–1

 44.861 31.324 32.767 32.100 
max, deg 36.295 42.02 44.929 45.316 
Reflections 
collected 

1302 1464 1823 1292 

Unique 
reflections 

160 206 235 232 

Parameters 
refined 

10 10 11 10 

Rint 0.019 0.020 0.026 0.034 
R1, wR2 [Fo > 
4(Fo)] 

0.019,0.049 0.020,0.048 0.026, 0.058 0.026, 0.064 

Diff. peak and 
hole, e Å-3 

1.31, -2.72 1.41, -1.28 0.93, -2.23 1.81, -1.50 

Goodness-of-fit 1.26 1.16 1.20 1.19 
a The crystal structure refinements of EuCo2As2 and CaCo2As2 are shown for comparison. 
Further detail of the crystal structure determination of Ca0.9Eu0.1Co1.91As2 and 
Ca0.85La0.15Co1.89As2 may be obtained from Fachinformationszentrum Karlsruhe, D-76344 
Germany, on quoting the depository numbers CSD-430337 and CSD-430338, respectively. 
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Figure B.1 Rietveld refinement of neutron powder diffraction pattern of CaCo1.87As2. 
 

 
Figure B.2 Variable-pressure Eu-L3 XANES spectra recorded for EuCo2As2 at 4.2 K under 
applied field of 1.0 T. 
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Figure B.3 Magnetic properties measured on an oriented single crystal of CaCo1.87As2: the 
temperature dependence of FC magnetic susceptibility at 0.2 T (a) and the field dependence of 
magnetization at 1.8 K with the magnetic field applied parallel and perpendicular to the c axis 
(b). 
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APPENDIX C 
 

CHAPTER FIVE: TABLES AND FIGURES 

 
 

 
 

Figure C.1 Magnetic measurements on a polycrystalline sample of Ca0.35Eu0.65Co2As2. (a) 
Temperature dependences of ZFC-FC magnetic susceptibilities measured under applied field of 
1 mT. (b) Field dependences of magnetization at 1.8 K. 
 

 

Figure C.2 Magnetic measurements on a polycrystalline sample of Ca0.3Eu0.7Co2As2. (a) 
Temperature dependences of ZFC-FC magnetic susceptibilities measured under applied field of 
1 mT. (b) Field dependences of magnetization at 1.8 K. 



130 

Table C.1 Data collection and structure refinement parameters for Ca1-xEuxCo2-δAs2. 
Eu content: 
nominal, x 

0.10 0.30 0.40 0.50 0.60 0.65 0.70 
0.90 

EDX analysis, x 0.12(2) 0.35(3) 0.45(3) 0.55(4) 0.65(2) 0.68(2) 0.73(1) 0.87(2) 
Refinement, x 0.099(3) 0.304(3) 0.444(2) 0.509(4) 0.618(4) 0.664(3) 0.704(3) 0.836(5) 
Co vacancy, δ 0.094(8) 0.120(8) 0.116(8) 0.110(1) 0.04(1) 0.040(8) 0.032(8) 0.02(1) 
Temperature 293 K 293 K 293 K 293 K 293 K 293 K 293 K 293 K 

, Å 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

Space group I4/mmm I4/mmm I4/mmm I4/mmm I4/mmm I4/mmm I4/mmm I4/mmm 

Unit cell a, Å 3.9984(2) 3.9931 (1) 3.9863(2) 3.9777(3)) 3.9660(2) 3.9572(1) 3.9551(3) 3.9484 

c, Å 10.3696(6) 10.4804(4) 10.6330(6) 10.7777(9) 10.9600(7) 11.0776(4) 
11.124 

(1) 
11.2596(5) 

V, Å3 165.79(9) 167.11 (1) 168.96(9) 170.53(3) 172.39(2) 173.47(1) 174.02(3) 175.54(2) 
Z 2 2 2 2 2 2 2 2 

Crystal size, mm3
 

0.06×0.04 
×0.01 

0.03×0.03 
×0.02 

0.05×0.04 
×0.03 

0.02×0.01 
×0.01 

0.03×0.03 
×0.02 

0.05×0.03 
×0.02 

0.03×0.02 
×0.02 

0.03×0.03 
×0.02 

calc, g cm–3
 6.390 6.784 7.025 7.084 7.282 7.285 7.369 7.608 

, mm–1
 32.767 35.884 37.887 38.475 40.146 40.263 40.946 42.891 

max, deg 44.929 40.212 47.802 47.867 45.216 47.865 45.285 47.781 
Reflections 
collected 

1823 1408 1534 2095 1435 1811 1446 
2043 

Rint 0.026 0.018 0.024 0.027 0.028 0.024 0.026 0.021 
Unique reflections 235 185 275 278 248 280 252 284 
Parameters refined 11 11 11 10 10 10 10 11 

R1, wR2 [Fo > 
4(Fo)] 

0.026, 
0.058 

0.018, 
0.044 

0.021, 
0.047 

0.024, 
0.055 

0.024, 
0.056 

0.022, 
0.050 

0.023, 
0.050 

0.019, 
0.041 

Diff. peak and 
hole, e Å–3 

0.92, –
2.23 

1.22, –
1.62 

1.78, –
1.53 

1.55, –
2.33 

1.61, –
1.80 

1.59, –
2.36 

1.13, –
1.96 

1.38, –
2.18 

Goodness-of-fit 1.20 1.15 1.11 1.09 1.16 1.14 1.20 1.14 
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Figure C.3 DOS and Co-Co COHP plots for CaCo2As2 (a, c) and EuCo2As2 (b, d). 

 

 

Figure C.4  As-As COHP plots for Ca1-xEuxCo2As2 (x = 0, 0.25, 0.5, 0.75, 1.0). 
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APPENDIX D 
 

CHAPTER SIX: TABLES AND FIGURES 
 

 

 
Figure D.1 Calculated powder X-ray diffraction patterns of Yb2Co12As7 and experimental 
powder X-ray diffraction patterns of R2Co12As7 (R = Gd-Yb). Bi (*) and CoAs (#) impurity 
peaks are indicated. 
 

 
 

Figure D.2 Unit cell parameters a and c of R2Co12As7 (R = Ce-Yb). 
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Table D.1 Data collection and structure refinement parameters for R2Co12As7.
a 

Compound 
(R) 

Y Pr Nd Sm Eu Gd Tb Dy Er 

Temperature 
, Å 
Space group 
Unit cell a, 
Å 

9.3993(2) 9.4505(1) 9.443(4) 9.4230(1) 9.4509(1) 9.4173(4) 9.404(2) 9.3937(1) 9.3838(1) 

 c, Å 3.7368(1) 3.799(5) 3.790(8) 3.768(5) 3.775(5) 3.7588(2) 3.7435(9) 3.735(2) 3.719(4) 
 V, Å3 285.90(1) 293.864(6) 292.7(3) 289.780(6) 292.024(6) 288.69(3) 286.70(5) 285.390(6) 283.628(6) 
 Z  1        
Crystal size, 
mm3

 

0.04×0.02 
×0.02 

0.04×0.01 
×0.01 

0.03×0.01 
×0.01 

0.06×0.05 
×0.04 

0.03×0.02 
×0.02 

0.03×0.03 
×0.02 

0.03×0.01 
×0.01 

0.04×0.02 
×0.01 

0.05×0.02 
×0.02 

calc, g cm–3
 8.186 8.552 8.625 8.781 8.731 8.893 8.975 9.057 9.169 

, mm–1
 46.96 44.05 44.78 46.40 46.73 47.892 48.994 49.918 51.830 

max, deg 36.51 43.10 33.06 47.51 38.52 47.653 45.522 40.233 47.360 
Reflections 
collected 

4462 6176 2061 7058 4545 7063 6379 5329 6749 

Rint 0.024 0.021 0.042 0.020 0.023 0.025 0.046 0.031 0.028 
Unique 
reflections 

526 812 418 986 614 992 893 666 968 

Parameters 
refined 

30 30 30 30 30 30 30 30 30 

R1, wR2 [Fo 
> 4(Fo)] 

0.022, 
0.049 

0.018, 
0.035 

0.037, 
0.078 

0.017, 
0.034 

0.018, 
0.035 

0.021, 
0.050 

0.035, 
0.068 

0.029, 
0.071 

0.023, 
0.051 

Diff. peak 
and hole, e 
Å–3 

1.24,  
–1.30 

1.29, 
 –1.06 

2.61, 
 –2.71 

1.52, 
 –1.61 

1.44, 
 –1.95 

1.81,  
–1.49 

2.27,  
–2.73 

3.27,  
–2.81 

1.67,  
–2.11 

Goodness-
of-fit 

1.07 1.08 1.00 1.16 1.11 1.04 1.18 1.39 1.06 

a Further details of the crystal structure determination may be obtained from Fachinformationszentrum Karlsruhe, D-76344 
Eggenstein-Leopoldshafen, Germany, on quoting the depository numbers CSD 429922 through 429931. 

 



134 

 
Figure D.3 L3-Ce XANES spectra (a) and Ce valence (b) of Ce2Co12As7 at variable 
temperatures. 
 

 
 
Figure D.4 L3-Eu XANES spectra (a) and Eu valence (b) of Eu2Co12As7 at variable 
temperatures. 

 
 

Figure D.5 L3-Yb XANES spectra (a) and Yb valence (b) of Yb2Co12As7 at variable 
temperatures. 
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Figure D.6 Temperature dependence of magnetic susceptibility measured on a single crystal of 

Ca2Co12As7 with the magnetic field of 1 mT applied parallel or perpendicular to the c axis. 
 

 
 

Figure D.7 Temperature dependences of zero-field-cooled (ZFC) and field-cooled (FC) 
magnetization for Pr2Co12As7 (a), Nd2Co12As7 (b), Sm2Co12As7 (c), Eu2Co12As7 (d), and 
Gd2Co12As7 (e) at applied field of 1 mT. 
 

 
Figure D.8 Temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) 
magnetization for Ho2Co12As7 (a), Er2Co12As7 (b), and Tm2Co12As7 (c) at applied field of 1 mT. 
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Figure D.9 Rietveld refinement of neutron diffraction pattern of Nd2Co12As7 in the model that 
assumes ferromagnetic 3d-4f coupling. 
 

 
Figure D.10 Magnetic hysteresis loops measured on polycrystalline samples of R2Co12As7 (R = 

Ce-Yb) at 1.8 K. 
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Figure D.11 Powder X-ray diffraction patterns of RCo5As3 (A = Y, Ce-Gd). 
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Table D.2 Data collection and structure refinement parameters for RCo5As3. 
Compound (R) Y Ce Pr Nd Sm Gd Dy Ho 

Temp. 293 K 293 K 293 K 293 K 293 K 293 K 293 K 293 K 
, Å 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

Space group Pnma Pnma Pnma Pnma Pnma Pnma Pnma Pnma 
Unit cell a, Å 12.225(1) 12.2447(3) 12.3117(2) 12.2952(1) 12.2689(4) 12.2552(2) 12.2297(5) 12.2246(7) 
Unit cell b, Å 3.7977(4) 3.84935(9) 3.8520(1) 3.83903(6) 3.81876(4) 3.8045(1) 3.7859(1) 3.7802(2) 
Unit cell c, Å 10.727(1) 10.8102(3) 10.8297(2) 10.8097(5) 10.7769(2) 10.7541(2) 10.7289(4) 10.7247(6) 

 V, Å3 498.02(9) 509.53(2) 513.59(8) 510.23(3) 504.92(1) 501.40(8) 496.74(3) 495.60(5) 
 Z 4 4 4 4 4 4 4 4 

Crystal size, 
mm3

 

0.03×0.02 
×0.02 

0.06×0.03 
×0.02 

0.08×0.03 
×0.01 

0.04×0.01 
×0.01 

0.03×0.01 
×0.0 

0.05×0.02 
×0.01 

0.03×0.02 
×0.01 

0.05×0.01 
×0.01 

calc, g cm–3
 8.113 8.598 8.540 8.639 8.811 8.964 9.118 9.172 

, mm–1
 467.395 43.813 44.090 45.007 46.828 48.672 50.819 51.824 

max, deg 33.111 36.312 33.132 40.247 40.231 33.126 28.25 39.97 
Reflections 
collected 

4985 7503 5056 8129 8758 5024 3930 7869 

Rint 0.038 0.047 0.035 0.046 0.024 0.035 0.025 0.040 
Unique 

reflections 
1041 1320 1079 1763 1749 1060 681 1576 

Parameters 
refined 

56 56 56 56 56 56 56 56 

R1, wR2 [Fo > 
4(Fo)] 

0.027, 
0.052 

0.030, 
0.058 

0.025, 
0.049 

0.01, 
0.066 

0.020, 
0.040 

0.029, 
0.064 

0.023, 
0.049 

0.028, 
0.057 

Diff. peak and 
hole, e Å–3 

1.39, 
 –1.91 

1.82, 
 –2.04 

1.84, 
 –1.75 

2.47,  
–2.91 

1.82, 
 –2.76 

3.16, 
 –2.38 

1.31, 
 –2.73 

2.02, 
-2.54 

Goodness-of-fit 1.07 1.00 1.01 1.01 1.05 0.98 1.10 0.98 
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APPENDIX E 
 

CHAPTER SEVEN: TABLES AND FIGURES 
 

 

 

Figure E.1 Rietveld refinement of powder X-ray diffraction patterns of AlFe2B2 prepared by arc-
melting (sample 1a) and by synthesis in Ga flux (sample 1b). The preferred (0k0) orientation 
was taken into account in the refinement of sample 1a. 
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Figure E.2 Arrott plots for AlFe2B2 prepared by arc-melting (sample 1a) and by synthesis in Ga 
flux (sample 1b). 
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Figure E.3 (a) Magnetization isotherms for AlFe2B2 synthesized in Ga flux (sample 1b). (b) The 
magnetic entropy changes calculated for the magnetic field change of 2 and 5 T. 
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Figure E.4 The zero-field heat capacity of AlFe2B2 prepared by arc-melting (sample 1a). 

 

Figure E.5 The magnetic entropy of AlFe2B2 prepared by arc-melting (sample 1a). For the sake 
of clarity, only curves at 0 T and 5 T are shown. The S (T) dependence at 2 T was also 
established. 
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Figure E.6 The adiabatic temperature change measured at H = 2 T, 5 T for AlFe2B2 (sample 
1a).  
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